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The LIGO observation of gravitational waves from a binary black hole merger
has begun a new era in fundamental physics. If new dark sector particles, be
they bosons or fermions, can coalesce into exotic compact objects (ECOs) of
astronomical size, then the first evidence for such objects, and their underlying
microphysical description, may arise in gravitational wave observations. In this
work we study how the macroscopic properties of ECOs are related to their micro-
scopic properties, such as dark particle mass and couplings. We then demonstrate
the smoking gun exotic signatures that would provide observational evidence for
ECOs, and hence new particles, in terrestrial gravitational wave observatories.
Finally, we discuss how gravitational waves can test a core concept in general
relativity: Hawking’s area theorem.
ar
X
iv
:1
60
5.
01
20
9v
2 
 [h
ep
-p
h]
  3
 O
ct 
20
16
Contents
1 Introduction 3
2 Features of Exotic Compact Objects 3
2.1 Conventional Compact Objects . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Boson Stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 Fermion Stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.4 Dark Matter Stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.5 Multi-Component Stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.6 Dark Energy Stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3 Signatures of Exotic Compact Objects 10
3.1 LIGO Sensitivity on ECO parameters . . . . . . . . . . . . . . . . . . . . . . 10
3.2 Gravitational Waveforms from ECO Mergers . . . . . . . . . . . . . . . . . . 22
3.3 Features in a Binary Mass Census . . . . . . . . . . . . . . . . . . . . . . . . 29
4 Test of the Area Theorem 33
5 Summary 37
2
1 Introduction
The LIGO detection of GW150914 [1] – the first observed event of gravitational wave (GW)
emission from binary black-hole merging – has ushered in a new era in the exploration of
our universe. Not only does this result open new prospects for the study of the astrophysical
properties of objects in extreme density conditions, but also allows for new ways of testing
fundamental physics. Indeed, soon after the LIGO announcement, it was suggested that
GW observations can be used to probe violations of the equivalence principle and Shapiro
delay [2, 3, 4, 5], modifications of gravity [4, 6, 7, 8], the presence of event horizons [9], the
quantum structure of black holes [10], the hypothesis that dark matter is in the form of
primordial black holes [11, 12, 13], the propagation of gravity waves [14, 15, 16, 17, 18, 19, 4,
20, 21], phase transitions in the early universe [22, 23], neutrino properties from associated
neutrino emission [24, 25], and axion clouds around black holes [26].
In this paper we want to investigate another way in which GW detection can contribute
to fundamental science: the search for new physics in the form of exotic compact objects
(ECO). Dark matter is a primary motivation to expect that new forms of stable matter
must exist and be abundant in our universe. Moreover, quite independently of dark matter
considerations, many new-physics theories predict the existence of stable or long-lived light
particles with feeble interactions with ordinary matter. Because of their elusive nature, here
we will generally refer to them as dark particles. It is conceivable that dark particles could
coalesce into macroscopic objects. Although at present we are not able to predict the mass
distribution of such exotic objects, it is possible that they could reach astronomical sizes.
In this case GW detection from the merging of two ECOs or the collapse of an ECO into a
stellar black hole could be used as a new and formidable way to probe the existence of dark
particles and test their properties. Actually, in some cases, this could be the only way in
which dark particles are discovered, because their extremely feeble interactions make them
completely invisible to collider searches or other particle physics experiments.
This paper is organised as follows. In sect. 2 we describe scenarios involving new particle
physics beyond the Standard Model which can give rise to ECOs, focussing on properties
relevant to GW signatures. In sect. 3 we explain how ECOs could be identified through
GW detection because of unexpected features either in the gravitational waveforms or in the
distribution of observed events. In sect. 4 we explore how GW observations allow for tests
of Hawking’s area theorem [27], and thus of some of the fundamental principles underlying
general relativity. In sect. 5 we summarise our results.
Throughout the paper, we will use experimental parameters corresponding to Advanced
LIGO at design sensitivity which, for simplicity, will be referred to as LIGO. Furthermore,
we will work in natural units in which Planck’s constant ~, the speed of light c, and Newton’s
constant GN are set to one. Occasionally, we will reintroduce these constants to make some
equations more transparent.
2 Features of Exotic Compact Objects
ECOs are predicted in a variety of new-physics theories and are motivated by very different
physics considerations. Here we will systematically analyse the various possibilities, trying
to classify the cases according to their common astrophysical features, rather than their
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underlying physics motivation or theory implementation.
From the astrophysical point of view, ECOs present some universal properties, behaving
as collisionless bodies in the same way as stars. If they do not emit significant electro-
magnetic radiation, they escape most astronomical searches. The strongest observational
constraints arise from microlensing events, where light from a distant source is distorted
whenever a compact object passes near the line of sight. This creates unresolved multiple
images observable as an amplification. These searches have been performed for the broad
class of Massive Compact Halo Objects (MACHOs) and apply to the ECOs considered here.
It has been determined that compact objects in the mass range 0.6×10−7 M < M < 15 M
cannot be the primary component of the Milky Way halo and, for M < 10 M can comprise
at most 20% of the dark matter mass [28, 29]. This is a very powerful result from the per-
spective of dark matter, but it shows that ECOs may be numerous and may well account
for as much matter as is observed in the form of baryons.
2.1 Conventional Compact Objects
Before discussing ECOs and the way to distinguish them from known astrophysical compact
objects, such as black holes (BH) and neutron stars (NS), it is useful to review briefly the
most relevant features of the “background” to our “new-physics signal” (to use particle
physics terminology).
NS are the supernova remnant of massive stars in which electrons disappear through
inverse β decay. The gravitational attraction is balanced by the Fermi pressure of degenerate
neutrons. The maximum NS mass depends on unknown parameters in the equation of state
(EoS). However, robust upper limits on NS masses can be derived, independently of the
EoS, from basic dynamical assumptions such as the Oppenheimer-Volkoff equation and the
causality condition that the speed of sound is less than the speed of light. In this way, one
obtains the following upper limits on NS masses:
M < 3.2 M Rhoades-Ruffini limit [30]
M < 3.6 M Nauenberg-Chapline limit [31]. (1)
These limits are derived for non-spinning NS, and the rotation effect increases the maximum
mass by at most 20%, leading to M < 4.3 M. However, these are theoretical upper bounds.
The most massive NS ever observed is PSR J0348+0432 with M = 2.01 ± 0.04 M [32].
Numerical NS models with realistic EoS can hardly exceed values about 2M. These upper
bounds on NS masses allow one to distinguish NS from BH in GW events: for conventional
forms of matter, any compact object of mass larger than about 3–4 solar masses must be a
BH.
Another important parameter that differentiates NS from BH is compactness, defined as
the ratio between an object’s mass and radius. For non-rotating BH, compactness is given
by
C ≡ M
R
=
1
2
(for BH). (2)
For NS, an absolute upper bound on compactness, independent of the EoS, is given
by [33, 34]
C ≡ M
R
<
4
9
, (for NS), (3)
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which can be saturated for an incompressible star with uniform density. A more stringent
upper bound, although dependent on EoS assumptions, has been obtained by Lindblom [35]:
M/R < 0.35. However, with realistic assumptions on the EoS, one finds that the typical
range of NS compactness is 0.13 <∼ M/R <∼ 0.23 [36, 37].
We see that, as in the case of the mass distribution, also for compactness there is a
gap between the NS and BH range. This is another important element to distinguish NS
from BH in GW signals. Indeed, as the stars in the binary approach each other during the
inspiral phase at distances comparable to R, the EoS starts to influence the GW emission.
In particular, the tidal deformations in NS binaries modify the orbital evolution and leave a
signature in the transition between inspiral and merger phases [38].
2.2 Boson Stars
Boson stars (for reviews, see [39, 40, 41, 119]) are often considered as a template for exotic
stars because of the relative simplicity of the equations that govern their dynamics and the
richness in the physical phenomena that they can exhibit. After the discovery of the Higgs
boson and the ascent of the inflaton as a crucial ingredient of cosmological theories, the
reasons for new scalar fields have been strengthened significantly. Boson stars may not be
just an academic exercise, but part of our universe.
There is no lack of theories in which new bosonic degrees of freedom find a natural
setting. Examples are the axion as a solution of the strong CP problem, flat directions in
supersymmetric models, moduli in string theory, a variety of pseudo-Goldstone bosons, new
light vector fields, or dark matter candidates in different contexts.
The gravitational pull in a boson star is neither supported by thermal pressure (as in
luminous stars) nor Fermi degeneracy (as in white dwarfs or NS). Its stability is provided by
the quantum property that particles cannot be localised beneath distances of the order of
their Compton wavelength. Indeed, the Heisenberg principle dictates that the localisation
length R of a particle with mass mB and momentum p = mBc must satisfy R > ~/(mBc).
When this limit is saturated for the smallest Kepler orbit before gravitational collapse (given
by 3RS, where RS = 2GNM/c
2 is the Schwarzschild radius), we find that the maximum mass
of a boson star is about Mmax ≈ M2P/mB, where MP is the Planck mass. This shows that
a boson star is a macroscopic quantum object that effectively behaves like a Bose-Einstein
condensate of astronomical size.
The above estimate of the largest mass of a boson star is in good agreement with the
solution of the general relativistic equations, which give [43]
Mmax = 0.633
M2P
mB
≈
(
10−10 eV
mB
)
M (for free-field boson stars). (4)
This shows that GW signals from solar mass-scale objects are observable by LIGO for ex-
tremely light boson fields. The correct range of masses can be obtained in the case of the
QCD axion, for an axion decay constant in the range of GUT or string scales, and in a
variety of models of axion-like particles involving new physics. Recently it has also been
shown that boson stars may also form out of massive vector fields [44], although we do not
consider this case here.
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The result in eq. (4) changes completely as soon as new forces come into the game. For
instance, let us include a quartic coupling in the potential V for the complex boson field φ,
V (φ) = m2B|φ|2 +
λ
2
|φ|4. (5)
This gives a repulsive self-interaction that acts as an extra source of pressure against gravi-
tational collapse. The maximum mass of this self-interacting boson star is [45]
Mmax = 0.06
√
λ
M3P
m2B
≈
√
λ
(
100 MeV
mB
)2
10 M (for self-interacting boson stars). (6)
The value of Mmax is now parametrically equal to the Chandrasekhar mass corresponding
to a constituent fermion of mass mB/λ
1/4. The result in eq. (6) suggests that GW relevant
for LIGO may be obtained, in the self-interacting case, for values of mB in the MeV to GeV
range.
An alternative mechanism to stabilise a boson star is through non-topological solitons [46,
47, 48, 49]. Unlike topological solitons (such as magnetic monopoles [50, 51]) which have
non-trivial asymptotic configurations at spatial infinity different from the ordinary vacuum
state, non-topological solitons are localised solutions of the equations of motion with trivial
asymptotic behaviour. The existence of such solutions for a scalar field is possible in the
presence of a conserved charge Q. In practice, a lump of bosons with large Q can be stable
if its energy per unit charge decreases at larger Q, so that the bound state is energetically
favoured with respect to isolated charges. Such lumps, called Q-balls, are stable and localised
even in the absence of gravity.
Once gravity is included, one obtains a maximum mass for the corresponding star. The
result depends on the form of the potential that is used to obtain the non-topological soli-
ton. For instance for a scalar field with mass mB and condensate φ0, one finds Mmax ≈
M4P/(mBφ
2
0) for the potential used in ref. [52, 53, 54] and Mmax ≈ M3P/φ20 for Q-stars [55].
Thus, it is possible for Q-balls to reach tens of solar masses and high densities. The exis-
tence of macroscopic Q-balls is common in a variety of new-physics models with scalar fields
that carry a conserved quantum number and develop a condensate. In particular, this can
happen in supersymmetric models, in which the scalar field corresponds to a flat direction
and the conserved charge could be lepton number, baryon number, or a combination of the
two [56, 57].
In the case of the quartic self-interaction, it is found [58] that the maximum compactness
grows with the coupling constant λ and saturates at strong coupling at the value
(M/R)max = 0.16 (for self-interacting boson stars). (7)
In the non-interacting case, the general relativistic solutions give a continuous profile for
the scalar field and boson stars do not have a well defined surface. Nonetheless, one can
define an effective radius of the star as the distance that envelops an appropriate fraction of
the total mass (usually taken to be 99%). With this definition, it is possible to compute the
effective compactness of a boson star and one finds
(M/R)max = 0.08 (for free-field boson stars). (8)
Eq. (7) places the maximum compactness of self-interacting boson stars in the same
ballpark of NS.
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2.3 Fermion Stars
Even without invoking new physics, unconventional states of matter could exist and form
compact objects with GW signatures different from those of BH or NS. At very high density,
the boundaries between nucleons may dissolve and nuclear matter transform into quark
matter. The fate of this quark matter in compact stars is not fully understood. It may be
in the form of a colour superconducting state [59, 60, 61], in which quarks are arranged in
Cooper pairs that necessarily carry colour. Or it may be in the form of strange matter [62,
63, 64, 65, 66, 67], in which the addition of strange quarks to a medium made of up and
down quarks (together with a component of electrons necessary to neutralise electric charge)
lowers the energy by increasing the degree of degeneracy, creating a system more stable than
nuclear matter.
If any form of quark matter really exists, the structure of NS could be quite different
than what is ordinarily believed. NS would be largely composed of colour superconducting
quark matter or strange matter, with at most a thin external layer of degenerate neutrons.
These differences in the EoS modify the characteristic frequency of tidal disruption, leading
to observable effects in the shape of the GW emission at the end of inspiral. This has been
confirmed by studies of GW signals from binaries with strange stars [68, 37, 69, 70].
Exotic kinds of stars emerge in the context of many new physics theories that predict the
existence of a “mirror world” [71] – a sort of duplication of the SM with new particles and
forces. Perhaps the best-motivated scenario of this class arises in Twin Higgs models [72].
In these models the little hierarchy problem is solved by realising the Higgs boson as a
pseudo-Goldstone boson of an approximate SU(4) global symmetry. This global symmetry
is protected at the quantum level by a Z2 exchange symmetry between SM fields and fields of
the Twin sector, leading to a quadratic Higgs potential that accidentally respects the SU(4)
global symmetry at all orders in perturbation theory. Since this exchange symmetry must
be respected to a reasonable level in order to preserve the success of the model, the Twin
sector may resemble the SM to quite a high degree. In fact, in the extreme scenario dubbed
the ‘Identical Twin’ [72], the field content is identical to the SM. This possibility is ruled out
by cosmological constraints on additional U(1) gauge fields. However, if the Twin photon
is given a small mass, then the required interactions between twin nucleons, twin electrons,
and a light twin photon may allow for sufficient dissipative cooling to allow twin nucleons to
collapse and form a twin neutron star.
While it has not been robustly demonstrated that a Twin Higgs sector may lead to
the formation of compact objects and remain consistent with all cosmological bounds, phe-
nomenologically similar models have been extensively studied. The recently proposed DDDM
framework [73, 74] and also other models of dissipative hidden sectors [75] exhibit the re-
quired properties to give rise to ECOs. In fact, the possibility of hidden sector compact
objects was raised in the context of these studies [74, 75]. One of the toy models proposed
in [73, 74] involves a heavy fermion which behaves analogously to the proton, a light fermion
analogous to the electron, and a dark U(1) gauge group analogous to electromagnetism. With
these ingredients it is not unrealistic to speculate about the possibility of the formation of
ECOs.
Quite generally, we can view the mirror world as a duplication of the SM in which the
parameters relevant to atomic and nuclear physics (such as electron, neutron, and proton
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masses, the QCD scale parameter, the QED fine-structure constant, or neutrino couplings)
can take values different than in our world. This opens up the construction of a variety of
stellar objects with characteristics quite distinct from conventional stars. In particular, it is
possible to imagine exotic populations of supermassive stars, since the mass mF of the new
fermionic particle entering the Chandrasekhar limit (M <∼ M3P/m
2
F ) is now a free parameter,
which could be much smaller than the ordinary value in nuclear physics.
Note that such mirror stars would be quite difficult to observe directly. Their electro-
magnetic-like or neutrino-like emissions would not be in the conventional form of photons
and neutrinos, but in their mirror counterparts, which are most likely undetectable. In this
respect, mirror stars behave like ECOs and GW emissions from their merging in binary
systems may be the most promising way to hunt for them.
There are a variety of interesting additional cosmological signatures and, as long as these
mirror ECOs only comprise some fraction of the total observed dark matter, they can be con-
sistent with current bounds. Perhaps the strongest bounds come from hidden sector acoustic
oscillations [76]. Constraints coming from the CMB and large scale structure observations
require that for typical parameters dissipative hidden sectors should not comprise more than
∼ 5% of the total dark matter [76].
2.4 Dark Matter Stars
Perhaps the strongest motivation for exotic new particles is due to the overwhelming evidence
for dark matter. In many well motivated new-physics scenarios, such as the axion solution
of the strong-CP problem or supersymmetric theories addressing the hierarchy problem,
compelling dark matter candidates arise. These dark matter candidates are particularly
attractive as they are cold and collisionless, thus already demonstrating the basic behaviour
expected of particle dark matter.
However, there is emerging evidence that dark matter may not be collisionless, but in-
stead self-interacting. Indications in this direction come from numerical simulations of non-
interacting dark matter, which predict excessively cuspy profiles of dwarf galactic halo cores
(known as the “core-cusp problem” [77]), a too-large number of satellite galaxies (known as
the “missing satellite problem” [78, 79]), and dwarf galaxies too massive to not have visi-
ble stars (known as the “too big to fail problem” [80]), in contradiction with observations.
Moreover, studies of elliptical galaxies falling into the Abell 3827 galaxy cluster, with galac-
tic dark matter subhaloes tracked by gravitational lenses, seem to indicate a non-vanishing
dark matter self-interaction cross section [81].
In order to solve these problems in dwarf galactic haloes, one needs a cross-section per
unit dark-matter mass in the range
σ/mDM ' [0.1− 10] cm2/g Dwarf haloes [82, 83, 84, 85] . (9)
The most stringent constraint on dark matter self-interaction comes from observations in
Milky Way-like elliptical galaxies, since too large cross sections would lead to spherical
rather then elliptical haloes
σ/mDM . 0.1− 1 cm2/g Milky Way-like haloes [82, 83, 85] . (10)
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Thus, a momentum-independent self-interaction cross-section (generated for instance from
a contact quartic interaction in the case of scalar dark matter) in the ballpark σ/mDM '
[0.1− 1] cm2/g seems to satisfy all the astrophysical constraints.
The above considerations, together with the emergence of new ideas in theoretical model
building, has led to increasing interest in more complex dark matter candidates, which in
many cases exhibit non-trivial self interactions. In this respect, an interesting possibility is
the case in which dark matter self-interactions are mediated by a light force carrier. While
a contact interaction implies a constant self-interaction cross section, the presence of a light
mediator introduces a non-trivial velocity dependence. As a rule of thumb, in analogy with
Rutherford scattering, σ/mDM is enhanced at low velocity, and suppressed at high velocity.
This has important consequences in light of the astrophysical bounds discussed before since
galactic haloes of different size are characterised by different dispersion velocities, usually
inferred from the measurement of rotation curves. For instance, a dwarf halo has a typical
dispersion velocity of v0 ' 10 km/s, whereas for a Milky Way-like halo we have v0 ' 200
km/s. It is therefore possible that self-interactions are manifest in smaller halos, while dark
matter appears to be collisionless on larger scales. This effect will be important for our
discussion of LIGO sensitivity to fermion stars in sect. 3.1.
Furthermore, if the mediators are sufficiently light they may enable self-gravitating dark
matter clouds to collapse and it has been demonstrated in [86] that under certain circum-
stances, for asymmetric fermionic dark matter, the collapsed cloud may form a compact dark
star supported by fermion degeneracy pressure. The characteristics of these dark-matter mo-
tivated ECOs are similar to those described in sects. 2.2, for bosonic dark matter, and 2.3,
for fermonic dark matter. In particular, ECOs with masses in the range interesting for GW
observations can be obtained for sub-GeV dark matter particles, with the exact value de-
pending on the self-interaction parameters. A detailed study of the maximum mass of stars
made of asymmetric fermionic dark matter can be found in [86].
The microlensing limits on the density of galactic compact objects discussed at the be-
ginning of this section can be easily satisfied by assuming that only a fraction of dark matter
forms ECOs, while the majority remains as free particles, just like the case of baryonic mat-
ter, for which stars and dust can coexist in the universe. Computing the fraction of dark
matter in the form of ECOs would require more knowledge of the processes for dark-matter
star formation than presently available.
2.5 Multi-Component Stars
While so far we have considered only objects constituted by a single new particle, a va-
riety of ECOs could be formed by a combination of several new particles or mixtures of
new and ordinary particles. These cases are particularly interesting in the context of dark
matter models. Boson stars could exist in the core of ordinary or exotic fermion stars, or
vice versa. The various components could couple only gravitationally or also through new
interactions [87, 88, 89, 90, 91, 92, 93]. A theoretically intriguing situation is the one of
a non-topological soliton generated by a scalar field that gives mass to a fermion [94, 95].
As a result of the non-trivial (and position dependent) configuration of the scalar field, the
fermion could be massless inside the boson star, but massive outside.
An interesting interplay between dark and ordinary matter occurs in the so-called Dark
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Stars (for a review, see [96]). Dark Stars are stellar objects made by ordinary atomic matter
and fuelled by the heat produced by dark matter annihilation in their cores. This process
can successfully support the stability of the star for dark matter annihilation cross section
consistent with what predicted from thermal relic abundance calculations. It is conceivable
that Dark Stars can accrete and become very massive, much more massive than ordinary
stars. However, Dark Stars are not very compact and it is unlikely for them to generate
detectable GW signals. On the other hand, they could be observed via more conventional
astronomical techniques [96]. Similarly, an interesting interplay between annihilating dark
matter and black holes is possible [97, 98], where dark matter annihilations in the high density
environment of a black hole could lead to visible signatures of dark matter. However, once
again this is not linked specifically to GW signatures.
2.6 Dark Energy Stars
Dark energy provides a new substance to form a completely different kind of ECOs. One
can envisage celestial bodies made of macroscopic bubbles of vacuum energy, whose negative
pressure is compensated by an external shell of fluid with ordinary attractive gravitational
pull. The simplest example of this class of ECOs is the gravastar (from GRAvitational
VAcuum STAR, g∗ hereafter) [99].
A g∗ is described by an internal spherical core of radius rc with constant energy density
ρ0 and negative pressure p = −ρ0, and an external shell of thickness R − rc made of an
ultrarelativistic fluid characterised by the equation of state p = ρ. The profile of the energy
density ρ in the shell region is model-dependent. However, it can be determined by the
Oppenheimer-Volkoff equation in terms of ρ0, once we impose continuity conditions for ρ
and its derivative at r = rc and the boundary condition ρ(R) = 0. So the simplest model of
a g∗ is described by a total of three parameters, and has a discontinuity in p at the interface,
where r = rc. The pressure discontinuity can be resolved by replacing the zero-thickness
interface with a thin crust with anisotropic pressure [100].
Gravastar stability under thermodynamic conditions, spherically symmetric perturba-
tions, or rotational effects has been studied by several authors [101, 102, 103, 104, 106], and
it has been demonstrated that in the ultra-compact limit they can become gravitationally
unstable [107].
It remains to be proven that the merging of two g∗ leads to a new stable g∗, or even that
they can form in the first place, however for the purposes of studying the GW signatures of
g∗ mergers we will assume both to be possible here.
3 Signatures of Exotic Compact Objects
3.1 LIGO Sensitivity on ECO parameters
Let us consider two point masses M1 and M2 orbiting each other under the force of gravity.
This is equivalent to a single body with reduced mass µ ≡ M1M2/Mtot (where Mtot =
M1 + M2) moving in an external gravitational potential. The equivalent body moves in an
elliptic orbit with major semi-axis l, describing the separation of the two bodies.
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The orbital period P is related to Mtot and l by Kepler’s third law
P 2 =
4pi2l3
Mtot
. (11)
The frequency f of GW emission is twice the orbital frequency ν = 1/P , and thus is
given by
f =
√
Mtot
pi2l3
. (12)
For the system of two BHs the innermost stable circular orbit (ISCO) [108] is defined by
RISCOBH ≡ 6Mtot . (13)
The ISCO determines the end of the inspiral phase and the beginning of the merger phase,
thus this radius characterises the typical frequency f ISCOBH expected in a binary merger. For
a BH-BH merger, we find
f ISCOBH =
1
63/2piMtot
(for BH) . (14)
The maximum frequency at the end of inspiral, obtained from numerical simulations of the
waveform of BH mergers, is given by f = f ISCOBH (1 + ∆), where the correction term ∆ is
computed in post-Newtonian approximation and is a function of the mass ratio M1/M2 and
of a single combination of the two BH spins. Its analytical expression can be found in [108].
The correction term ∆ vanishes in the limit of negligible BH spin and large mass ratio. For
non-rotating BHs, it reaches a maximum value ∆ = 1.1 for M1/M2 = 3.56, while ∆ = 0.7 for
equal BH masses. For spinning BHs, in the parameter range for which the expansion given
in [108] is valid, the maximum value reached is ∆ = 3.1. Thus, for discussion purposes, it is
adequate to take the expression in eq. (14) as the frequency determining the end of inspiral.
The correction term ∆ is fully included in our numerical analysis.
By analogy with eq. (13), for ECOs we may define a typical GW frequency determined
by the ISCO radius RISCOECO ≡ 3Mtot/C, where C ≡ M/R is the compactness of the ECO,
assumed to be the same for the two merging bodies. This ansatz is corroborated by numerical
analyses of NS orbits [109].
Consequently, we may define the typical frequency f ISCOECO in the merging of two ECOs,
using eq. (12) for l = 3Mtot/C:
f ISCOECO =
C3/2
33/2piMtot
(for ECO) . (15)
Note that eq. (15) becomes equal to eq. (13), when we approach the Schwarzschild BH
compactness CBH = 1/2.
To observe the merger and ringdown phase it is crucial that the characteristic frequency
f ISCO falls within the LIGO sensitivity range. LIGO sensitivity can be described in terms
of the so-called noise power spectral density [110]. We plot this function in fig. 1. The
most sensitive interval, where the signal-to-noise is maximised, is f = [50 − 1000] Hz. On
11
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Figure 1: LIGO noise power spectral density, taken from [111]. For a given characteristic
GW frequency for a binary merger, on the upper axes we show the corresponding combination
of ECO compactness C = M/R and total mass Mtot.
the upper axes of fig. 1 we also show the sensitivity in terms of C and Mtot by employing
eq. (15). Thus we see that the signal-to-noise ratio is maximised for objects in the range(
C
0.2
)3/2
1.1M .Mtot .
(
C
0.5
)3/2
88M . (16)
For a GW signal with strain h(t) the expectation value of the signal-to-noise ratio is
ρ2 = 4
∫ ∞
0
|h˜(f)|2
Sn(f)
df , (17)
where h˜(f) is the Fourier transform of the signal. As we are interested in the region of
best sensitivity, in eq. (17) we have taken the case of optimal orientation (face-on, overhead
source). Averaging over sky position, inclination, and polarisation, one finds that 〈ρ2〉 is equal
to 4/25 times the expression in eq. (17). A criterion for detectability is the requirement ρ >
8 [112]. Assuming that most of the signal-to-noise ratio is accumulated during the inspiral
phase, we can use the quadrupole approximation truncated at the Newtonian order [113]
h˜(f) ≈
√
5/24
pi2/3DL
M5/6c f
−7/6 , (18)
where
Mc =
(M1M2)
3/5
(M1 +M2)1/5
, (19)
is the so-called chirp mass of the system. It is important to remark that GW detectors do
not measure the source-frame chirp mass, but the redshifted mass M˜c, related to the source-
frame mass by the relation M˜c = (1 + z)Mc, where z is the redshift of the merging system
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Figure 2: The LIGO best sensitivity range in ECO mass M and compactness C, for
equal mass binary GW events. The yellow band corresponds to the GW frequency range
f = [50−1000] Hz, the green regions to a signal-to-noise ratio for an inspiral event occurring
within the luminosity distance DL, taking ρ > 8 as a criterion for detection.
with respect to the detector. The amplitude of a GW is proportional to the inverse of the
luminosity distance DL = (1 + z)Dc, where the comoving distance is
Dc =
c
H0
∫ z
0
dt
E(t)
, E(z) =
√
ΩM(1 + z)3 + Ωk(1 + z)2 + ΩΛ , (20)
with tH ≡ 1/H0 = 13.969 Gyr the Hubble time. For a given luminosity distance, and
assuming standard cosmology (that corresponds to Ωk = 0, ΩΛ = 0.7, and ΩM = 0.3), it is
possible to extract the redshift z, and convert the detector-frame chirp mass into the source
frame chirp mass.
We can use the signal-to-noise ratio criterion ρ > 8 to estimate the sensitivity range of the
LIGO detector in terms of mass and compactness. For illustration, we take the limit of equal
masses M1 = M2 = M . Since we are limiting the analysis to the inspiral phase, eq. (18) is
valid in the frequency range f < fISCO and we cutoff the integral in eq. (17) at f = fISCO. We
show our result in fig. 2. The yellow band shows the LIGO frequency sensitivity range, given
in eq. (16). The green regions show the signal intensity sensitivity range (corresponding to
ρ > 8), for a single GW event occurring within a distance DL. We choose three particular
values of the maximum luminosity distance, namely DL = 100, 250, 450 Mpc. Note that
the corresponding redshift is very small, ranging from z = 0.023 for DL = 100 Mpc to
z = 0.1 for DL = 450 Mpc. We therefore neglect the redshift effects in fig. 2. The overlap
between the yellow and green regions identifies the LIGO best sensitivity in ECO mass M
and compactness C.
Let us now analyse in detail the implications of eq. (16) for the various models considered
in sect. 2.
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Figure 3: Left panel. Mass-compactness relation in the case of boson stars with repulsive
self-interactions. The dimensionless mass M∗ is defined in eq. (22). The region shaded in
red exceeds the compactness of a Schwarzschild BH, CBH = 1/2. The region shaded in green
represents the typical NS compactness. The magenta circle and blue square represent boson
stars with pressure plotted in the right panel. Right panel. Pressure (solid magenta and blue
lines, normalised w.r.t. the value at the origin) as a function of the dimensionless radius
x∗, defined as x∗ ≡ m2Br/(MPL
√
λ/4pi) (see [114, 115]). The blue and purple regions span
the polytropic relation P ∝ ρΓ with Γ = [1−3] (respectively, on the right- and left-most part
of the band). The dashed blue (magenta) line corresponds to Γ = 1.8 (Γ = 1.55).
Boson Stars
We start our discussion with the boson stars described in sect. 2.2, in the case of the potential
in eq. (5), taking λ > 0 in order to have repulsive self-interaction. Repulsive self-interactions
play an important role in in establishing an equilibrium configuration since they balance – in
addition to the quantum repulsive force generated by the Heisenberg uncertainty principle –
the attractive pull of gravity. Furthermore, having in mind the new boson as a dark matter
candidate, the inclusion of self-interactions could resolve the puzzles arising at galactic scales
in collisionless cold dark matter (CCDM) simulations.
As discussed in sect. 2.4, CCDM problems are resolved without contradicting other astro-
physical observables for a cross-section per unit DM mass in the range 0.1 cm2/g . σ/mB .
1 cm2/g. Using σ = λ2/64pim2B we find [114]( mB
MeV
)3/2
. λ
10−3
. 3×
( mB
MeV
)3/2
. (21)
Following [115] (see also [114]) it is possible to describe the equilibrium configurations of the
boson star system by numerically solving the coupled Einstein and Klein-Gordon equations.
These equilibrium solutions are characterised by specific values of the mass M and radius
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R. In the left panel of fig. 3 we show the equilibrium solutions after expressing M and R in
terms of the compactness C and the dimensionless mass M∗ of the system, defined as
M∗ =
(
M
1.64× 106M
)( mB
MeV
)2(4pi
λ
)1/2
. (22)
The green band shows the typical NS compactness, while in the red region we have C > CBH .
Note that the system is stable – stability here refers to the response of the equilibrium
solutions under linear perturbations – on the branch of the black line to the left of the
turning point marked by a magenta dot in fig. 3. Beyond the turning point, the equilibrium
solutions become unstable.1 This also determines the maximum compactness for a self-
interacting boson star, Cmax ≈ 0.158, which is in agreement with the expectation given in
eq. (7).
Figure 3 refers to the macroscopic properties of the boson stars in terms of dimensionless
quantities. Although this information is crucial to capture the scaling properties of the
system, it is equally important – in light of the limited detector sensitivity, and to provide a
particle physics perspective – to highlight the relation between the boson star mass and the
microscopic parameters mB, λ.
Recalling the definition in eq. (22) it is possible to express the LIGO sensitivity shown in
fig. 2 in terms of the microscopic parameters mB, λ and of the mass M , while C is derived
from fig. 3.
For simplicity, we take the case of equal masses (M1 = M2). We scan over the parameters
mB, λ and, in order to be consistent with the solution of the CCDM problems, we restrict
the allowed values of λ according to eq. (21)). We show our result in fig. 4, giving the LIGO
sensitivity region for GW events within DL = 100 or 450 Mpc. The region shaded in red is
excluded since the total mass exceeds the maximum value (M∗)max ≈ 0.22. Note that the
boundary of the red region is in agreement with the parametric scaling given in eq. (6). The
green region represents the portion of parameter space in which the LIGO detector reaches
the best sensitivity for GW events within a luminosity distance DL < 100 Mpc (entire region)
or DL < 450 Mpc (region limited by the dashed line). Boson stars with mass in the range
M ≈ [1−20] M fall within the detector sensitivity. If boson stars are sufficiently numerous
in the universe and GW events are produced within distances DL < 100 Mpc, then the
sensitivity range extends to M ≈ [0.2− 20] M Interestingly, the analysis points towards a
specific and narrow range of values for the dark particle mass, that is mB ≈ [60 MeV−3 GeV].
This simple exercise shows that it is possible to construct boson stars without violating
existing astrophysical constraints, favoured by the solution of the CCDM problems, well
within the sensitivity of the LIGO detector, and with masses also in the gap between NS
and BH.
The LIGO sensitivity range of dark particle masses shown in fig. 4 does not correspond
to the typical expectation for a WIMP, a dark matter candidate whose present density
1Stability of boson stars was discussed in refs. [116, 117, 118] by means of a mode analysis in linear
perturbation theory. The general result is that transition from stability to instability always occurs at
critical points of the boson star mass M as a function of the value of the scalar field at the origin (that
is where dM/dφ0 = 0). Beyond the critical point, the boson star either collapse to a BH or disperse to
infinity. Other approaches based on fully numerical non-linear evolutions [119] and catastrophe theory [120]
confirmed this result.
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Figure 4: LIGO best sensitivity (region shaded in green, defined according to fig. 2 with
DL = 450 Mpc (dashed contour) and DL = 100 Mpc (solid contour)) in terms of boson star
mass M and dark matter mass mB. We restrict the analysis to self-couplings in the range
given by eq. (21) in order to make contact with the solution of the CCDM problems. The
red region is excluded by the condition M∗ > (M∗)max ≈ 0.22.
is determined by thermal freeze-out. On the other hand, it is particularly interesting for
asymmetric dark matter (for a review, see [121]). This class of models finds its justification in
the observation that the amount of dark matter and baryonic matter in the universe is of the
same order of magnitude. Therefore, a new stable particle with mass and cosmic asymmetry
comparable with the baryonic case can naturally explain the observed dark matter. More
quantitatively, one finds that the asymmetric dark matter particle must have a mass
mDM =
ηb
ηDM
5 GeV , (23)
where ηDM,b are the dark-matter and baryon cosmic asymmetries, respectively. The ratio
ηDM/ηb is very model dependent. A non-vanishing asymmetry ηDM is possible whenever the
dark particle carries a conserved quantum number, which can happen both for a spin-0 boson
(as considered here) and for a spin-1/2 fermion (as discussed in the following). Moreover,
an interesting situation occurs when interactions in the high-energy domain violate baryon
number and dark-matter number, but preserve a linear combination. Then, at primordial
times, any pre-existing asymmetry is reshuffled between the two sectors and the ratio ηDM/ηb
is predicted to be of order unity (if the DM is relativistic at the time of asymmetry sharing),
at least within an order of magnitude or so. For instance, this is the case of leptogenesis, in
which electroweak sphalerons are expected to redistribute among baryons and leptons any
original cosmic asymmetry induced by right-handed neutrino decays. Therefore, the LIGO
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sensitivity range in mB shown in fig. 4 looks promising for the exploration of asymmetric
dark matter models.
From the particle-physics point of view, the interpretation of the light bosonic particle
as a realistic dark matter candidate raises a concern with the concept of naturalness. The
most straightforward solution to the problem is to identify the new particle with a pseudo-
Goldstone boson, in which a small parameter controls the breaking of the shift symmetry
and generates the repulsive quartic self-interaction in the scalar potential. For instance, this
is done in the construction of models in which the Higgs is a composite particle remaining
light because of an approximate Goldstone symmetry (for reviews, see [122, 123]).
An obstruction in having a repulsive quartic self-interaction was recently pointed out
in [124], in the context of axion-like particles. Consider a Goldstone boson generated by
the spontaneous breaking of a compact group and add a scalar potential that breaks the
continuos shift symmetry, but preserve both a discrete subgroup and CP. (This is the case
of the QCD axion, in which the PQ symmetry is explicitly broken by non-perturbative
instanton effects.) Because of CP, the potential must contain only even powers of the field
and, because of the discrete periodicity, the signs of the quadratic and quartic terms must
be opposite. Then, the condition that the particle is non-tachyonic implies that the self-
interaction must be attractive (λ < 0). Nonetheless, it is possible to construct more involved
models of axion-like particles with repulsive interactions [124].
To make the parallel with NS more effective, we complete our discussion by considering
the equation of state. NS can be modelled by polytropes with equation of state P = KρΓ,
where K is a proportionality constant while the polytropic index takes the values Γ = [2−3].
In our analysis we derive the equation of state numerically, and we show our results in the
right panel of fig. 3 where we focus on two specific equilibrium solutions (magenta circle and
blue square in the left panel of fig. 3). We plot the pressure (normalised w.r.t. the value at
the origin) as a function of the dimensionless radial distance x∗. We find that the analysed
boson stars are well described by a polytrope with Γ = 1.55 and Γ = 1.8. Boson stars are
therefore characterised by a softer equation of state if compared with typical NS.
Before discussing fermion stars, let us comment about the case of boson stars without
self-interactions in which the equilibrium against gravitational collapse is entirely due to
quantum effects. In the left panel of fig. 5 we show the mass-compactness relation compared
with the typical NS compactness and the BH limit. Note that the numerical analysis confirms
the maximum mass quoted in eq. (4). Furthermore, as anticipated in eq. (8), we find the
corresponding maximum value of compactness Cmax ≈ 0.08, for stable solutions to the left
of the turning point. In the right panel of fig. 5 we present the LIGO best sensitivity region
in terms of the boson star mass M and the microscopic particle mass mB. We implemented
the bound in fig. 2 using a luminosity distance DL within 100 (lighter green) or 450 (darker
green) Mpc. Smaller luminosity distances allow for enlarging the green region towards smaller
values of the total mass, which fall more easily inside the LIGO range, as a consequence of
the limited compactness. Nevertheless, note that values as large as M ' 4 M are possible;
according to the left panel of fig. 5, they correspond to boson stars with compactness close
to the maximum value Cmax ≈ 0.08, which could be detected even assuming a luminosity
distance as large as DL ' 450 Mpc.
As shown in fig. 5, for the case of the non-interacting boson LIGO is sensitive to the
mass range mB ≈ [0.2− 0.8]× 10−10 eV, which can be extended to mB ≈ [0.2− 4]× 10−10
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Figure 5: Left panel. Mass-compactness relation in the case of boson stars without self-
interactions. Right panel. LIGO best sensitivity (defined as in fig. 2) in terms of the boson
star mass M and dark matter mass mB.
eV if there is enough probability of observing GW events within 100 Mpc. This range is
quite different from the one of the interacting case because, for the free particle, the pull of
gravity, which becomes stronger with mB, is balanced only by the quantum effects generated
by the Heisenberg uncertainty principle.
The LIGO sensitivity mass range for the non-interacting boson is interesting for axion-like
particle interpretations. For the QCD axion, one finds
ma =
(
1017 GeV
fa
)
0.6× 10−10 eV (24)
where fa is the axion decay constant. Hence, LIGO can be sensitive to axion models in
which the symmetry-breaking scale is in the range 1 × 1016 GeV . fa . 3 × 1017 GeV.
This is an intriguing range of scales, since these are the values expected in GUT or String
models. A QCD axion with decay constant in the GUT range can be a good dark matter
candidate only if its field configuration at the end of inflation is sufficiently close to the
minimum of its potential (which, in the absence of a dynamical explanation, corresponds to
tuned initial conditions) [125, 126]. Moreover, it can be consistent with WMAP constraints
on isocurvature fluctuations only if the Hubble constant during inflation is smaller than
109–1010 GeV. Therefore, detection of a non-vanishing tensor-to-scalar ratio in the cosmic
microwave background could rule out a QCD axion with GUT-scale decay constant as dark
matter candidate [127].
Finally, the new boson could be an axion-like particle, unrelated to the strong CP prob-
lem. In this case, its mass is expected to be mB ≈ Λ2/fB, where fB is the scale of sponta-
neous symmetry breaking and Λ is the dynamical scale associated with the explicit breaking
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of the global symmetry. The LIGO sensitivity range for mB can be attained for a variety
of new-physics scale. The boson particle can also play the role of dark matter, but without
specifying the model we cannot make definite predictions.
Fermion Stars
●
■
��� ��� ��� ��� �����-�
���
���
���
� = �/�
�
[� ⊙]
������� ����� [��������� ������������]
α = ��-�
������� �� �����������
������������������
� � �� �� �� �� �� ��
���
���
���
���
���
���
� [��]
�/� �
������� ����� [��������� ������������]
Γ = ��� Γ = ���
� ∝ ρΓ
Figure 6: Left panel. Mass-compactness relation in the case of asymmetric dark matter
stars. The strength of the attractive interaction is α = 10−2, and we take the mediator
mass µ = 50 MeV. The dashed (solid) black line corresponds to mF = 1 GeV (mF = 500
MeV). The region shadowed in red exceeds the compactness of a Schwarzschild BH, C = 1/2.
The region shadowed in green represents the typical NS compactness. The magenta circle
and blue square represent boson stars with pressure plotted in the right panel. Right panel.
Pressure (solid magenta and blue lines, normalised w.r.t. the value at the origin) as a
function of the radius R. The blue and purple regions span the polytropic relation P ∝ ρΓ
with Γ = [1− 3] (respectively, on the right- and left-most part of the band). The dashed blue
(magenta) line corresponds to Γ = 1.8 (Γ = 1.7).
Let us now move to discuss the case of fermion star. We follow [86], and focus on the
case of fermionic dark matter χ with mass mF and repulsive interactions. The latter are
parameterised by a Lagrangian term of the form gφµχγ
µχ, where φµ is a vector mediator
with mass µ and g the coupling constant. As for boson stars, the presence of self-interactions
may play an important role in solving the CCDM problems. The equilibrium configurations
can be obtained by solving the Oppenheimer-Volkoff equation. In the left panel of fig. 6
we show two particular equilibrium solutions where we fixed α ≡ g2/4pi = 10−2, µ = 50
MeV and mF = 500 MeV (black solid line), mF = 1 GeV (black dashed line). Note that
at this stage we limited the analysis to specific values of masses and coupling since in full
generality it is not possible, unlike the case of boson stars with self-interactions, to extract
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dimensionless scaling properties. The maximum allowed value for the fermion star mass M
is found from the turning point in the mass-central density relation; this is shown in the
inset plot in the left panel of fig. 6 for the case with mF = 500 MeV.
In the right panel of fig. 6 we analyse – as done for boson stars – the equation of state,
focusing our attention on two specific equilibrium solutions (magenta circle and blue square
in the left panel of fig. 6). We find that the analysed fermions stars are well described by a
polytrope with Γ = 1.7 and Γ = 1.8.
To offer a broader perspective on the microscopic values of masses and coupling favoured
by the LIGO sensitivity and compatible with astrophysical constraints, we present in fig. 7
the result of a parameter scan. As far as the impact of astrophysical constraints is concerned,
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Figure 7: Left panel. LIGO best sensitivity (region shaded in green, defined according to
fig. 2 with DL = 450 Mpc (dashed contour) and DL = 100 Mpc (solid contour)) in terms
of fermion star mass M and dark matter mass mF . We restrict the analysis to mediator
masses in the range mφ = [10
−2 − 10−1] GeV. The red region is excluded by the condition
M > Mmax, which we impose at each point in our sampling of the parameter space. The
blue dotted line delimits the region in which 〈σT 〉/mF = [0.1 − 1] cm2/g for a dwarf halo
with v0 = 10 km/s and 〈σT 〉/mF < 0.1 cm2/g for a Milky Way-like halo with v0 = 200
km/s. The coupling constant is fixed at α = 10−2. Right panel. Parameter space consistent
with astrophysical observation. See text for a complete explanation.
we follow [128]. As already anticipated in sect. 2, dark matter self-interactions have impor-
tant consequences on structure formation – from dwarf galaxies to galaxy clusters. This is
especially true – contrary to the case of boson stars in which we considered a contact self-
interaction – in the presence of non-trivial velocity and angular dependence of the scattering
cross section. In this case the relevant quantity constrained by astrophysical observations is
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the velocity-averaged transfer cross section [128]
〈σT 〉 =
∫
d3v
(2piv20)
3/2
e−
1
2
v2/v20σT (v) , (25)
where v0 is the characteristic velocity dispersion of a given galactic structure (that is v0 ≈ 10
km/s for a dwarf galaxy and v0 ≈ 200 km/s for a Milky-Way–like elliptic galaxy) and v is
the relative velocity between the two dark matter particles participating in the scattering
process. The transfer cross section σT is defined by
σT =
∫
dΩ(1− cos θ) dσ
dΩ
, (26)
where θ is the scattering angle.
As discussed in eq. (10) the most stringent bound comes from the observed ellipticity of
Milky-Way–sized haloes which imposes the condition 〈σT 〉/mF . 0.1− 1 cm2/g for v0 ≈ 200
km/s. In the right panel of fig. 7 we mark in grey (with horizontal meshes) the corresponding
excluded region in the parameter space (mF ,mφ) with fixed α = 10
−2. The solid (dashed)
line refers to the more (less) stringent bound 〈σT 〉/mF = 1 cm2/g (or 0.1 cm2/g).
A velocity-averaged transfer cross section in the region 〈σT 〉/mF = [0.1 − 10] cm2/g for
v0 ≈ 10 km/s is required to solve to CCDM problems in dwarf galaxies, see eq. (9). In the
right panel of fig. 7 we mark in blue the corresponding region. The darker area restricts the
allowed range to 〈σT 〉/mF = [1− 10] cm2/g.
Solutions to the CCDM problems that are clearly not in tension with the constrains from
Milky Way-like haloes are found only for values mF & 102 GeV. For smaller dark-matter
mass, in particular below a few GeV, solutions are possible only assuming the less stringent
bound in Milky Way-like haloes 〈σT 〉/mF . 0.1 cm2/g.
Equipped with these results, we are now in the position to study the interplay with
LIGO. In the left panel of fig. 7 we show the LIGO best sensitivity region (shaded in green)
in the parameter space (M,mF ). We scanned over the mediator mass in the range mφ =
[10−2 − 10−1] GeV.
For each point, we computed the maximum mass allowed by the solution of the Oppenheimer-
Volkoff equation (see caption in fig. 6 and related discussion); the envelope of these points
defines the boundary of the red region shown in fig. 7, which corresponds to star instability.
The region limited by the blue dotted line encases the points with 〈σT 〉/mF = [0.1 − 1]
cm2/g that are compatible with the solution of the CCDM problems and not excluded by
observations in Milky-Way–sized haloes if the less stringent bound 〈σT 〉/mF . 0.1 cm2/g
is imposed. Note that the region with mF ' [102 − 103] GeV, mφ = [10−2 − 10−1] GeV in
which the CCDM problems can be solved without any tension with astrophysical observations
would correspond to fermion stars with small mass, far away from the LIGO sensitivity.
Our scan shows that, in the mass range mF = [0.1 − 2] GeV, it is possible to construct
a fermion star consistent with astrophysical observations. As previously discussed in the
case of boson stars, this range of values for mF is especially promising in the context of
asymmetric dark matter. Furthermore, besides the mass coincidence, another important
aspect of the model described in this section, in the context of asymmetric dark matter, is
the presence of a lighter massive vector mediator. In fact, the Lagrangian of the simplest
model of asymmetric dark matter is based on a dark Abelian gauge group spontaneously
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broken, and the condition mF > mφ – with φ the dark photon – is important since it opens
up the annihilation channel χχ→ φφ, which is crucial to suppress the symmetric component
of the relic density [129].
3.2 Gravitational Waveforms from ECO Mergers
As we expect that all astrophysical objects of mass M & 5M are black holes, and we know
that the nature of the gravitational waveform for BH-BH merger events is rather specific,
evidence for the existence of ECOs may arise from a single observation of a merger event
if the observed waveform is sufficiently exotic. In fact, if the amplitude is comparable to
the recently observed event GW150914 then the waveform need not be radically different
in order to obtain evidence of new physics. To illustrate this fact, using GW150914 as an
example, we may consider the sensitivity of LIGO by comparing the waveform for the best-fit
parameters with the waveform for a choice of primary mass parameters which is excluded
at 90% CL by the LIGO collaboration from a likelihood analysis. In fig. 8 we show in
black a waveform generated using the analytic approximation of [108] for the best-fit mass
parameters determined by the LIGO collaboration [130]. In solid red we show an analogous
waveform for two masses which reproduce exactly the best-fit chirp mass but with a mass
ratio q = M1/M2 = 0.65, excluded at 90% CL [130]. In fig. 8 we see that the differences in
the two waveforms are very small, demonstrating that, for an event of amplitude comparable
to GW150914, LIGO is already sensitive to relatively minor modifications of the waveform in
the merger and ringdown phases. This suggests that even small departures from the BH-BH
waveform may be sufficient to give convincing evidence of new physics.
Finite size effects
Strong modifications of the gravitational waveform may arise if an ECO of mass M has a
radius significantly larger than the Schwarzschild radius or, in other words, a compactness
parameter C = M/R much smaller than the Schwarzschild value CBH = 1/2. The merger
phase will begin earlier than expected for black holes of the same mass. We may use eq. (15)
to estimate how this effect manifests. As the ISCO frequency characterises the onset of the
merger phase we consider the ratio of the ISCO frequency for an object of compactness C
relative to a BH of the same mass
f ISCOBH
f ISCOECO
= (2C)−3/2 ≈ 5.5
(
0.16
C
)3/2
. (27)
This quantity is useful as it implies that at the onset of the merger phase the wavelength of
GW emission in a binary system of boson or fermion stars will be a factor of 5.5×(0.16/C)3/2
longer than for a BH-BH merger. Essentially, the onset of the merger is earlier and the highest
frequencies of the inspiral phase will not be reached. This crude qualitative feature can be
made more explicit by considering the full waveform.
The calculation of the waveform modifications is a complex task, involving numerical GR
and hydrodynamics. Let us first consider ECOs supported by fermion degeneracy pressure
(ECOF ), as discussed in sect. 2. The physics of these ECOs is in many ways analogous to
the physics of neutron stars (NS), which will serve as our guide. Studies of GWs from NS-NS
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Figure 8: The three phases of a black hole binary merger for mass parameters providing
the best-fit to the LIGO detection (black) and mass parameters which give the same chirp
mass, but are excluded at 90% CL for a mass-ratio parameter of q = 0.65 (red). Mass
parameters are taken from the EOBNR fit of [130] and waveforms are calculated using the
analytic formulae of [108]. As can be seen, the inspiral phase can be virtually identical for
both choices of parameters, with the significant differences only arising in the later stages of
the merger. Even then, these differences seem relatively small, demonstrating the sensitivity
of LIGO to modified waveforms.
mergers have been performed and we will consider the results of [131]. The details of the
waveform depend on the mass-radius relationship and the EoS, which in turn depends on a
number of factors including whether or not the fermions are relativistic. We will consider an
EoS described by Γ = 2 as this is typical for a NS.
In fig. 9 we show again a GW signature similar to GW150914 in black and compare
it to the waveform for a merger of two ECOF in blue. The latter was extracted from the
waveform of an NS-NS merger calculated in [131]. In [131] the two masses were taken as
MNS = 1.4M and the compactness as C = 0.16. Technically, if the mass-radius ratio is
the same, as it would be for a more massive ECOF , the specific waveform is also valid for
higher mass systems if the time and amplitude are rescaled proportional to the new total
mass. Thus, for comparison, we have rescaled the waveform to have primary masses equal
to the BH-BH waveform, hence giving a frequency and amplitude in the inspiral phase equal
to the BH-BH merger. As can be clearly seen, even if the inspiral phase looks very similar
to the signature expected of a BH-BH inspiral, as the wave evolves significant differences
from a BH-BH merger may arise. The onset of the merger phase occurs earlier and, by
comparing the wavelength of GW emission in the ECOF -ECOF case against the BH-BH
case we estimate a wavelength ratio of ∼ 3.1 at the onset of the merger phase, which is not
too far away from our earlier simplistic estimate of ∼ 5.5. After the merger the remainder of
the waveform is also significantly different. Of course, the final discrimination power depends
on the precision of the experimental measurement of the waveform. For a related discussion,
see ref. [132].
Would it be possible for a BH merger to mimic the signature of an ECOF merger? To
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Figure 9: An example comparison between the waveform for a BH-BH merger with equal
mass (35M) primary BHs (black), versus an approximation of an ECOF -ECOF merger of
two ECOF s of the same mass (blue), and a BH-BH merger chosen to have the same chirp
mass, but with a large mass ratio (red), attempting to mimic the ECOF signature. The only
difference between panels is the position of the red line, chosen on the left for comparison of
inspiral phases, and on the right for comparison of the ISCO frequency. The blue waveform
is an NS-NS result from [131], rescaled to the same primary masses as in the BH-BH
merger. This is used as a guide, because an ECOF -ECOF merger would have modifications
of a similar form. The comparison demonstrates that although the inspiral phase may look
similar to a BH-BH merger, the onset of the merger phase occurs earlier and the merger and
ringdown phases are significantly different, offering the possibility of discovering evidence
for for the existence of a massive ECOF through a single GW observation. The only known
objects with compactness in this range are NSs, which are much lighter, such that an ECOF
merger in the mass range &M would not be mistaken for an NS merger.
answer this question, let us express f ISCOBH in terms of the chirp mass Mc and the symmetric
mass ratio
η =
M1M2
(M1 +M2)2
. (28)
Using Mc = Mtotη
3/5, we find
f ISCOBH =
(1 + ∆BH)η
3/5
BH
63/2piMc
, f ISCOECO =
(1 + ∆ECO)η
3/5
ECOC
3/2
33/2piMc
. (29)
Superficially, it may seem that BH mergers can always mimic the effect of compactness, since
with an appropriate choice of ηBH one can reproduce the same chirp mass and the same f
ISCO
of an ECO event. However, other features of the waveform, such as the amplitude and its
variation, can be used to distinguish the two cases, as long as C is sufficiently smaller than
1/2.
To illustrate this point in fig. 9 we show the waveform for a BH merger in which the two
BH masses have been chosen to reproduce the same chirp mass and ISCO frequency as the
ECOF merger.
2 It is clear from fig. 9 that the BH merger and ringdown waveform is still
2From eq. (29) we find that a value ηBH = 0.035 is required to reproduce the ISCO frequency of the
ECOF . Strictly speaking, this value is a factor ∼ 2 below the lower limit of the range of validity for the
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sufficiently different from the ECOF waveform that it would be possible to discriminate the
two for the compactness motivated by the particle physics models of sect. 2.1, even in the
case of similar chirp mass and ISCO frequency.
In addition, we argue that it is very unlikely for a BH system to mimic the same chirp
mass and ISCO frequency of an ECO in the first place. From eq. (29), we see that this
happens whenever
ηBH = ηECO
(
1 + ∆ECO
1 + ∆BH
)5/3
(2C)5/2 . (30)
Considering the inequality ηECO ≤ 1/4 and the extremal values of the post-Newtonian
correction ∆ for non-spinning BHs, this corresponds to
ηBH ≤ 0.09×
(
C
0.2
)5/2
. (31)
As we will see when we come to discuss the mass distribution of BH binary systems in
sect. 3.3, values of ηBH satisfying eq. (31) for C <∼ 0.3 are highly unlikely to be realised in
nature, as shown in fig. 12.
To summarise, a BH merger is unlikely to mimic the signature of an ECO, at least for
the sufficiently small C values motivated in ECO scenarios motivated by the specific BSM
particle physics models discussed in sect. 2.1. This is because the necessary mass ratio
required to reproduce both the chirp mass and the merger frequency is typically too extreme
to be likely to occur in the universe, according to stellar BH formation models. Moreover,
the waveform is sufficiently distinct to allow determination of whether it originated from an
ECO merger, as long as C is sufficiently different than the BH value. This is illustrated
by the comparison of fig. 9 with fig. 8, which shows that the differences in waveform would
be within the resolution of LIGO. By observing such significant deviations in the waveform
for a binary system involving large comparable mass objects, evidence for new physics may
emerge.3
As pointed out in [133, 134], the information on the spin of the merging objects, which
can be extracted from the inspiral phase, can give further hints about the BH vs ECO nature
of the binary source. This is because very compact objects without an event horizon (such as
ECOs) develop a strong ergoregion instability when spinning rapidly. This was found to be
the case for boson stars, gravastars, and superspinars, which are hypothetical stellar objects
with an angular momentum larger than the Kerr bound [133, 134]. Thus, the observation
of GW events with large-spin mergers would favour a BH interpretation and put constraints
on specific ECO models.
Ringdown and quasi-normal modes
During the last stage of the merger the compact object in the final state settles down to a
stable form. This is the ringdown phase. The ringdown phase is interesting for all compact
analytic expressions, as discussed in [108]. However, as also discussed in [108], for non-spinning BHs the
analytic approximation should reproduce the test mass limit, thus ηBH = 0.035 is most likely still acceptable
for S1 = S2 = 0. Interestingly, we see in the right panel of fig. 9 that the estimate of the ISCO frequency
from eq. (29) does indeed match the ECOF ISCO frequency well.
3Technically a BH-NS system may give rise to a chirp mass as large as expected for a BH-BH system,
however this would require an extremely massive BH.
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Figure 10: Quasi-normal mode frequency and decay time for BH ringdown (blue dots) and
g∗ ringdown (purple line). Their clear separation shows that the g∗ could be distinguished
from the BH, if the ringdown phase is well measured. The purple star refers to the special
value of quasi-normal mode frequencies used in fig. 11.
object collisions, and has been studied in detail for boson stars [135, 136, 137], however as
boson star signatures are likely to arise already in the modified inspiral and merger waveform,
in this section we will instead focus on gravastars (g∗) as an example of ECOs that lead to
distinctive predictions in the ringdown phase, different from those of BH.
Before entering in the details of our discussion, let us mention the following important
caveats. Apart from theoretical arguments, the reader should keep in mind that the mea-
surement of a rapid event like the ringdown phase is a challenging experimental task. In
addition, as stressed in [9, 138], only precision observations of the late-time ringdown signal
can be used to unambiguously test the properties (or the absence) of an event horizon, espe-
cially for ECOs with compactness close to that of BHs. The reason for this is that just after
the merger the signal is dominated by oscillations of the light ring, which is the same for a
BH and an ultra-compact object such as a g∗. The light ring contribution does diminish,
leaving the true quasi-normal modes in the later stages of the ringdown. The importance of
this effect depends on the compactness. For objects with compactness very close to a BH,
the light ring oscillations could give a ringdown mimicking a BH for many oscillations.
As discussed in sect. 2.6, the simplest model of gravastars is described by three input
parameters which, for convenience, we choose to be P ≡ {M,C, δ}: the total gravitational
mass M , the compactness C ≡ M/R, and the radius fraction in the outer shell δ ≡ (R −
rc)/R.
Varying the parameters P , we study the stability of the g∗ by solving the Oppenheimer-
Volkoff equation describing – in the context of general relativity – the structure of a spher-
ically symmetric body in static gravitational equilibrium. We follow [104], where the con-
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ditions for non-rotating g∗ stability were discussed (see [106] for a related discussion in the
case of rotating g∗). We find that it is always possible to build a g∗ for any value of δ and
any mass, as long as C is smaller than about 0.44. The approach to the BH value of C = 0.5
is possible, but requires small values of δ.
If GWs from a g∗ merger were observed, could the signal be distinguished from BHs?
The crucial observation [104, 105] is that for a g∗ of mass M the quasi-normal modes differ
from those of a BH with the same mass (see also [139, 140]), and the origin of the difference
between g∗ and BH quasi-normal modes is ultimately related to the existence of an event
horizon. We refer to [141] for a detailed discussion.
In the initial stages of the ringdown the signal will be dominated by oscillations of the
light ring (see [9, 138] for details), however in the later stages of the ringdown the waveform
has the general structure
hRD(t) = ARD(t) cosψRD(t) =
∑
n,l,m
A(n,l,m)RD (t) cosψ(n,l,m)RD (t) , (32)
in the time domain, where both amplitude and phase are decomposed in quasi-normal modes.
Quasi-normal modes describe oscillations that decay in time, and they represent the energy
dissipation of a perturbed object. Eq. (32) can be recast in the form
hRD(t) =
∑
n,l,m
θ(t)A(n,l,m)0 e−t/τnlm cos(2pifnlmt) , (33)
where τnlm is the decay constant of the mode and fnlm its quasi-normal frequency.
4
For a Kerr BH the ringdown gravitational waveform is dominated by the quasi-normal
mode with n = 0, l = m = 2 which is the most slowly damped mode. For the merger of two
Kerr BHs with total mass M = M1 +M2 and dimensionless rotation parameter ai ≡ Ji/M2i
(where Ji is the spin angular momentum), we find (omitting the indices nlm) [108]
M
τ
=
[1− 0.63(1− χ)0.3]
4
(1− χ)0.45 +
3∑
i=1
N∑
j=0
y(i,j)τ η
iχj , (35)
2pifM =
[
1− 0.63(1− χ)0.3]+ 3∑
i=1
N∑
j=0
y
(i,j)
f η
iχj , (36)
where η is the symmetric mass ratio given in eq. (28) and the spins enter via the combination
χ ≡ M1a1 +M2a2
M
. (37)
In eqs. (35)–(36) the first term represents the leading contribution in the post-Newtonian
expansion [142]. In the post-Newtonian corrections the second sum is extended up to N ≡
min(3− i, 2), and the numerical coefficients y(i,j)τ,f are tabulated in [108].
4Note that in the frequency domain the Fourier transform of the waveform in eq. (32) is a Lorentzian
function [108]
L(f, fring, σ) = σ/2pi
(f − fring)2 + σ2/4 . (34)
In the notation of [108] we have σ = 1/(piτnlm), fring = fnlm.
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Figure 11: Comparison between the waveform for a BH-BH merger with equal binary
masses (M1 = M2 = 34.8M, black), and a g∗ waveform with C = 0.44 and δ = 0.13. The
ringdown parameters relative to the BH case were taken from [104].
For a g∗ the (axial) quasi-normal modes were computed in [104], and we use their results
for our illustrative purposes. In fig. 10 we show the range of quasi-normal mode frequencies
for BHs and for g∗. In order to populate the BH distribution, we computed the quasi-normal
frequency and decay time in eqs. (35)–(36) using a simulated population of BH mergers
from which we extracted, event by event, the masses M1 and M2. As far as the information
about the spin is concerned, for each simulated event we randomly generated the two spin
parameter ai ∈ [0, 1]. The label in fig. 10 refers to the astrophysical assumptions underlying
the specific BH population used in the plot (see table 1). We refer to sect. 3.3 for a detailed
description of the numerical simulations of merging binaries used in this section and in the
rest of the work. At this stage, the relevant message is that, since the BH and g∗ predictions
mostly occupy different parameter regions, it appears that the two cases can be in principle
distinguished. For practical purposes we also consider whether these differences could be
observed through the observed waveform.
In fig. 11 we compare the waveform for a BH-BH merger with an estimated waveform for
a g∗-g∗ merger, focussing on a g∗ with compactness C = 0.44 and thickness δ = 0.13. The
g∗ waveform was obtained by taking the analytic waveform for a BH-BH merger from [108]
and replacing the BH ringdown frequencies with the g∗ ringdown frequencies. While this
comparison between the two may not be exact, it illustrates the difference in the ringdown
component of the GW signature. It also suggests that precise measurements of the ringdown
may lead to evidence for an ECO such as a g∗, and the signature would indicate an horizon-
less object with compactness similar to a BH.
For the benchmark of fig. 11, where the compactness is C = 0.44, the light-ring effects
are likely to be important only in the first oscillation or so after merging, thus the quasi-
normal modes in the ringdown would dominate and allow for discrimination from a BH as
illustrated.5 However, in general, while an exotic ringdown may give evidence for an exotic
5We are particularly grateful to Vitor Cardoso and Paolo Pani for enlightening discussions on GW ring-
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final state, on the converse the lack of an exotic ringdown does not necessarily imply that
the object was not exotic. Only future observations will shed light on the real constraining
power of ringdown measurements.
3.3 Features in a Binary Mass Census
In sect. 3.2 we focused on ECO signatures that can be extracted from the waveform of
a single GW event. Here we discuss the physics information that can be extracted from
statistical distributions of GW events, which will be available once a significant number of
mergers have been observed.
We also remark that, even if ECO signatures were identified in single waveforms, distri-
butions of events will be helpful to understand the ECO mass function and possibly gain
knowledge about their formation. To explore this possibility we must first understand the
expected distribution of known compact objects, as this will form the known ‘background’
distribution.
On the mass distribution of compact merging binaries in the local Universe
The mass distribution of compact object binaries can be effectively organised in a plane of the
chirp mass Mc and the symmetric mass ratio η. While the chirp mass is defined in eq. (19),
the symmetric mass ratio is related to the primary and secondary binary constituent masses
M1,M2 as in eq. (28), and it corresponds to the ratio between reduced and total mass.
Model Main physical properties and parameter variations
Standard
MmaxNS = 2.5 M, rapid SN explosion, λ = Nanjing [144],
standard NS kick σ = 265 km s−1, reduced BH natal kick,
HG CE donor not allowed, high-end metallicity
Optimistic CE HG CE donor allowed
Delayed SN Delayed model for supernova explosions
High BH kicks Full natal kick for BH
Table 1: Models of stellar binary evolution presented in [145, 146, 112]. Each variation
is defined by changing one parameter, which we specify in the second column, w.r.t. the
‘Standard’ model. Numerical simulations are available at [147].
When the population of mergers is projected onto the Mc − η plane, binaries involving
neutron stars and black holes (in the combinations NS-NS, NS-BH, and BH-BH) generally
populate different regions [148]. The mass distribution of these ‘conventional’ compact object
binaries depends on the assumed model of stellar binary evolution. In turn, models of stellar
binary evolution depend on a number of parameters that are largely unconstrained or poorly
known. In the following we briefly mention some of the most relevant sources of uncertainty
and features of these models, while we refer the reader to [145, 146, 112] for a more detailed
discussion.
down signatures.
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Figure 12: Binary mass distribution – in the plane chirp mass vs. symmetric mass ratio
(Mc, η) – for the four stellar evolution models considered in table 1. For each distribution
the contours of different colour shading represent the 68% and 99% CL regions.
Details of the ‘common envelope (CE) phase’. The formation of a compact binary object
is preceded by an evolutionary phase in which the binary system evolves enclosed into a
gas envelope originated from the interactions between the donor and the companion star.
The most important physical quantity describing the CE phase is the binding energy of the
envelope, which in turn depends on the characteristic mass and radius of the binary system.
If the binding energy is too high the stars will merge during the CE phase thus preventing the
formation of a compact binary object. If the binding energy is too low the decrease in orbital
separation during the CE phase is too slow, and the resulting compact binary object will
never merge within an Hubble time. Furthermore, the formation of a CE strongly depends
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on the properties of the donor star. This is particularly true if the donor star is situated in
the Hertzsprung gap (HG) of the Hertzsprung-Russell diagram; in this case, two alternative
choices are commonly adopted: either HG stars are CE donors or they are not.
Unknown maximum mass of NS and minimal mass of BH. As discussed in sect. 2.1, all
observed NS have masses below 2 M, and theoretical modelling suggests that this is likely
to be an upper bound. On the other hand, stellar BH, which are expected to be generated
by the gravitational collapse of massive stars, have a mass distribution known to start from
about 5 M and to extend to tens of solar masses. In other words, observations (mostly
based on X-ray measurements) favour the existence of a mass gap between the distribution
of NS and stellar BH [149, 150, 151, 152], although it cannot be excluded that this is only
the result of some observational bias.
The presence of this mass gap may seem surprising, given that the progenitor stellar
mass distribution is known to be smooth. Hence, the distribution of the ensuing compact
remnants might be expected to be smooth as well. However, in ref. [154] it was shown that
the presence of this mass gap can be linked to the evolutionary mechanism of dying stars.
For sufficiently fast growth of the instabilities causing the stellar death, the evolution leads
to two distinct outcomes: either a violent explosion that ejects most of the mass from the
star, leaving a NS remnant; or a failed supernova, in which all the stellar mass collapses in
a BH. A mass gap is dynamically explained, as long as the growth timescale is sufficiently
short (less than about 200 ms).
Physics of the explosions that form compact objects. The physics describing star evolution,
supernova explosions and the subsequent formation of compact objects (either NS or BH) is
plagued by many uncertainties. i) The evolution of a main sequence star toward its eventual
supernova stage is affected by mass loss via stellar winds. ii) Supernova explosions may
be modelled by means of different mechanism, depending on the type of instability that
eventually lead to the ejection of in-falling matter. iii) Finally, the formation of a NS or BH
from supernova explosions may be accompanied by a natal kick.
Metallicity Z. The information about the metallicity – which in general describes the
fraction of mass that is not in Hydrogen or Helium – is of fundamental importance to model
the chemical evolution of the local Universe.
The impact of these uncertainties on the expected distribution of binary merger primaries
may be estimated using simulations. In table 1, we summarise the features of different
models, including the ‘Standard’ model and three variations. The resulting distributions in
the Mc− η plane for these models are shown in fig. 12. Clearly, variations in the underlying
model do lead to differences in the expected distributions. However, a qualitative feature that
persists across all of these scenarios is that NS-NS, NS-BH, and BH-BH mergers populate
reasonably distinct regions. It is then tempting to conclude that, if future GW observations
fell outside the regions in fig. 12 covered by ‘conventional’ mergers, we could infer evidence
for an exotic population of compact objects. However, to assess this possibility it is necessary
to consider more carefully the GW observables.
A GW observatory will observe the GW emitted in a binary merger. Physical properties
of the binary system are then extracted by comparing the observed waveform with waveforms
predicted within general relativity. Thus Mc and η are not themselves observables, but they
may be determined from this comparison. Mc is relatively universal and may be extracted
from the inspiral phase of the wave. However, an independent extraction of η requires
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Figure 13: Merger rate density as a function of the redshifted chirp mass for the four
stellar evolution models presented in table 1. In each case, we show the distributions for
NS-NS, NS-BH and BH-BH event rates. The vertical red line corresponds to the event
GW150914, with measured detector-frame chirp mass Mc = 30.5
+1.7
−1.8 M and source redshift
z = 0.093+0.028−0.036 [130]. Also shown is the LIGO detection sensitivity, obtained with the
estimate described in the text.
consideration of the merger phase and is thus only accessible by comparison with waveforms
generated numerically. If a detected waveform is studied by comparing with expected NS-
NS, NS-BH, and BH-BH waveforms, then only best-fit parameters populating these regions
in the Mc − η plane will be found. If the waveform turns out sufficiently exotic that none
of these waveforms give a good fit, then discovery would come from single-event analysis, as
described in sect. 3.2. Thus, it seems unlikely that evidence for ECOs would first arise by
analyses of distributions in the Mc − η plane.
However, the chirp mass may be extracted from the inspiral phase and thus does not
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require a detailed comparison between the observed wave and the numerical GR waveforms
generated for specific scenarios. Thus, once many merger events have been observed, it
may be possible to search for a new distribution of ECOs by considering the chirp mass
alone, without relying too heavily on specific expected waveforms. In fig. 13 we show the
four distributions of fig. 12 projected onto the chirp mass axes alone. To make a concrete
connection with observations, we superimpose the expected LIGO sensitivity as a function
of the chirp mass. This sensitivity was computed in a way similar to [153]. At each value
of red-shifted chirp mass – under the simplifying assumption M1 = M2 – we computed
the maximum luminosity distance at which the signal-to-noise ratio in eq. (17) reaches the
detectability threshold ρ = 8. The corresponding redshift, evaluated according to eq. (20),
allows us to reconstruct the maximum volume V inside which the analysed binary could be
seen. The expected upper limit on the merger rate density, after an operating time T , is
R = 1/(V T ), where  is an experimental efficiency which we take to be 30%.
Note that this result, although strictly valid only for the case of equal-mass BH-BH
mergers, should give a correct order-of-magnitude estimate of the expected LIGO sensitivity.
Clearly, there are large variations in the expected distributions based on the underlying
model. However, in three of the four choices an identifiable chirp mass gap appears between
the NS-NS and BH-BH distributions. This mass gap does not arise in the model with
delayed SN explosion, as also clear from the corresponding mass distribution in fig. 12.
However, when projected onto the chirp mass axes, the merger rate density of BH-BH binaries
populating the mass gap turns out to be extremely low, order of magnitudes below the LIGO
sensitivity. Finally, we note that the BH-BH binary merger rate expected from the scenario
with high natal BH kicks is smaller than for the other models and appears to be in some
tension with the observation of GW150914, given the LIGO sensitivity. Thus, the high natal
BH kick scenario already appears disfavoured, as also concluded in [155]. These simulations
thus seem to suggest that a mass gap is likely for binary mergers of known objects.
There is no reason to expect ECOs to have a mass distribution that exhibits a mass gap
in precisely the same location. Thus, events filling the gap in the chirp mass distribution
would point towards a population of ECOs. This is especially true if the waveforms appear
to be of the NS-NS or NS-BH type, because massive ECOs with compactness C < 1/2 could
resemble NS, although with anomalously large masses.
To make a quantifiable assessment of this possibility would require not only a better
understanding of the systematic uncertainties in the expected distribution of known objects,
but also concrete predictions for the distribution of ECOs. As this distribution will depend
in detail on the formation mechanism it is highly model dependent and would require treat-
ment on a case-by-case basis for each particle physics model. As this is beyond the scope
of this work we will simply speculate that the comparison of the observed distribution of
chirp masses with that expected from theoretical models can give some information about
a possible population of ECOs. Unfortunately, the large astrophysical uncertainties in the
modelling of the ‘background’ are a severe limiting factor for the discovery of a ‘signal’.
4 Test of the Area Theorem
Hawking’s area theorem [27] states that the sum of the horizon areas of a system of BHs never
decreases. This remarkable result follows directly from general relativity and the null energy
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condition. However, once we use the thermodynamical identification of a BH temperature
(inversely proportional to mass, T = 1/8piM [156, 157]) and BH entropy (proportional to
area, S = A/4 [158, 159, 160]), Hawking’s theorem acquires a new interpretation [161, 162,
163]. The statement about the ever increasing area can be viewed as a generalised second
law of thermodynamics for the ever increasing entropy.
This thermodynamical interpretation of the area theorem has a deep physical significance
that goes beyond classical general relativity. Indeed, the area theorem is apparently violated
by the quantum process of Hawking’s radiation. During BH evaporation, conservation of en-
ergy implies that the BH mass must decrease, hence the BH area must decrease as well. This
contradiction with the area theorem is resolved in the context of the generalised second law
of thermodynamics. Once we account for the entropy of the emitted matter and radiation,
and not only the entropy associated with the BH area, the second law of thermodynamics is
respected by BH evaporation. All this to say that any observational test of the area theorem
is a way of probing the fundamental principles of general relativity and statistical mechanics.
It is remarkable that GW detection can indeed provide a test of the area theorem. The
horizon area of a Kerr BH of mass M and angular momentum J is given by
A = 8piM2
(
1 +
√
1− a2
)
a ≡ J
M2
. (38)
For the process of two BH with horizon areas A1,2 merging into a final BH of area Af ,
Hawking’s theorem predicts
Af > A1 + A2 (area theorem) . (39)
The area theorem does not only provide a test of fundamental principles, but can also
probe the existence of ECOs. In order to understand how ECOs could give an apparent
violation of the area theorem, if erroneously taken for BHs, it is useful to clarify the physical
content of the area theorem when applied to merger events. eq. (39) can be written as a
lower bound on the final BH mass
Mf >
√
M21 s1 +M
2
2 s2 , s1,2 ≡
1 +
√
1− a21,2
1 +
√
1− a2f
. (40)
The absence of naked singularities (aka cosmic censorship conjecture [164]) requires 0 ≤ a ≤
1, which implies s1,2 > 1/2. Using this condition in eq. (40), we find
Mf >
√
M21 +M
2
2
2
. (41)
In words, Hawking’s theorem implies a simple lower bound on the mass Mf of the BH resulting
from the merging of two BHs with masses M1,2.
Another way of reading eq. (39) is as an inequality on the efficiency in GW emission,
 ≡ (M1 +M2 −Mf )/(M1 +M2),
 < 1−
√
s1 + r2 s2
1 + r
, r ≡ M2
M1
(42)
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The upper bound on  is maximised for maximally-rotating initial BHs and non-rotating
final BH (s1,2 = 1/2), giving  < 1 −
√
(1 + r2)/2/(1 + r). In turn, this is optimised for
r = 1, giving  < 1/2. In the special case of slowly-rotating initial BHs (1 ≤ s1 = s2 ≤ 2),
the maximum upper bound is  < 1−√1 + r2/(1 + r), which is optimised for r = 1 giving
 < 1− 1/√2.
To summarise, the area theorem prescribes a maximum efficiency in GW emission for
the merging process of two BHs. An apparent violation of the theorem could occur if the
merging objects are not really BHs and emit other forms of energy, which goes undetected
and exceeds the bound in eq. (42). In other words, the apparent violation of the area theorem
would occur in the same way as for Hawking’s BH evaporation. Emission of non-gravitational
radiation leads to entropy production, left unaccounted for by the area theorem. As a result,
the area theorem is not satisfied, although the generalised second law of thermodynamics
holds valid.
As a concrete example of observational test of the area theorem, let us consider the
detection of GW150914, for which the extracted parameters are M1 = 36
+5
−4M and a1 =
0.3+0.5−0.3 for the primary and M2 = 29 ± 4M and a2 = 0.5+0.5−0.4 for the secondary BH [130].
As far as the final state BH is concerned, we use the 90% credible regions for the mass Mf
and dimensionless spin af provided in [165]. This gives
A1 + A2 = (2.2± 0.2)× 105 km2 , Af = (3.8± 1.3)× 105 km2 , (43)
where we have taken into account the error correlation among the input parameters using
the information in [130, 165].
The result in eq. (43) shows that the observation of GW150914 has verified eq. (39),
hence Hawking’s area theorem, well within errors. This is also visualised in fig. 14, where
we show how the LIGO result falls within the region of plane A1 + A2 vs Af allowed by
the area theorem. In the same plane we also show the region excluded by the condition on
conservation of energy Mf < M1 + M2, which corresponds to Af < (
√
A1/s1 +
√
A2/s2)
2.
Recalling that s1,2 > 1/2, we obtain
Af < 4 (A1 + A2) (energy conservation) . (44)
Masses and spins of both initial and final state BHs were obtained in [130] by comparing
(via a likelihood fit) the observed signal with waveform templates generated in the context of
numerical relativity through a full simulation of the inspiral, merger and ringdown phases. It
should be stressed that this experimental determination of Af is not independent of A1 +A2.
Once one assumes that the merging binaries are BH and fixes the initial parameters (M1,2,
a1,2, the relative angles between the spin vectors, the angular velocity, and orbit eccentricity),
the values of Mf and af are uniquely determined by the general relativistic calculation. A
genuine test of the area theorem would require an independent extraction of the initial
and final BH parameters. This is not impossible as the inspiral and ringdown phases are
mostly sensitive to initial and final BH parameters, respectively. For this reason, for the final
state BH we used the measurements of Mf and af obtained in [165] with only post-inspiral
informations. This choice allows us to introduce a certain degree of independence between
initial and final state measurements thus providing a non-trivial test of the area theorem.
Future GW observations of BH mergers will further test the area theorem. What if
these observations do not agree with the theorem’s expectations? Unless one is ready to
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abandon the basic principles of general relativity, measurements of apparent violations of the
area theorem can be used to argue for the existence of ECOs. Depending on their nature,
ECOs could emit significant fractions of their energy in non-gravitational forms, in practice
exceeding the bound in eq. (42). This can happen if they emit intense electromagnetic
radiation in collimated narrow beams not pointing towards the line of sight, or if they
radiate particles (such as dark photons or light axion-like particles) that remain invisible to
us.
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Figure 14: In the plane of the horizon areas of initial (A1 +A2) and final (Af ) BH binary
mergers, the dashed regions indicate where Hawking’s area theorem is violated [Af < A1+A2]
and where energy conservation does not hold [Af > 4(A1 +A2)]. The result from GW150914
corresponds to the green area (at 90% CL) and lies within the allowed region (white band).
The correlation between the extraction of Af and A1 +A2 is not taken into account.
The possibility of testing the area theorem has a theoretical interest independent of
ECOs, since its validity is not guaranteed in various extension of general relativity (GR).
The key observation for proving the theorem is that in GR the null energy condition –
that is Tabk
akb > 0 for any null vectors ka – implies, as a direct consequence of Einstein
equations (Rab − gabR/2 = 8piGNTab), the null convergence condition Rabkakb > 0. In turn,
the null convergence condition ensures, by means of the Raychaudhuri equation describing
geodesics congruence, the validity of the area theorem. The proof is not valid in extended
gravity theories, when the field equations differ from those of GR. This is the case of the
Brans-Dicke theory (and, more generally, scalar-tensor gravity) [166, 167], in which Einstein
equations are modified by new terms beyond the energy-momentum tensor involving the
scalar field.
As a consequence, the null energy condition does not imply anymore the null convergence
condition, thus invalidating Hawking’s argument. Even if static asymptotic BH must recover
GR solutions (the no-hair theorem), during the dynamical stages of the merging process the
validity of the area theorem is not guaranteed. In terms of energy balance, this corresponds
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to the emission – in addition to tensor GW perturbations – of the extra scalar degrees of
freedom.
In conclusion, the search for violations of the area theorem can be used as a tool to con-
firm potential ECO discoveries and to derive information on undetected forms of radiation.
Furthermore, testing the area theorem is an interesting task independently of searches for
ECOs, as it offers a probe of fundamental principles.
5 Summary
The discovery of GWs from a BH-BH merger marked a breathtaking advance in our under-
standing of nature. It signalled a new trajectory in astronomical and gravitational science.
To determine the role of such observations within particle physics it is necessary to connect
the microscopic with the astronomical.
This work has made a step in this direction by determining scenarios in which well
motivated new particles beyond the Standard Model may coalesce into solar-mass-scale exotic
compact objects. To this end, sect. 2 reviewed a number of new physics scenarios which
predict dark particles able to give rise to ECOs with mass and compactness accessible to
LIGO observations. While dark matter is our primary motivation, we also stress that light
and stable particles, interacting only feebly with ordinary matter, are not unusual in many
well motivated extensions of the Standard Model. It is conceivable that these relic particles –
or at least a fraction of them, whether explaining dark matter or not – may clump in celestial
bodies of astronomical size. Dark matter or exotic matter could then coexist in the form of
microscopic dust, as unbound elementary particles, and dark macroscopic bodies, as ECOs.
No experimental observation excludes this theoretical scenario. Limits from gravitational
microlensing allow for ECO galactic populations as dense as ordinary stellar populations for
ECO masses below about 10 M, while these limits quickly evaporate for heavier ECOs.
With this broad overview in hand, in sect. 3 the observable signatures of new-physics mo-
tivated ECOs were considered. In sect. 3.1 we determined LIGO sensitivity to ECO merger
detection. First, we have expressed our results in a model-independent way, presenting them
in terms of the two astronomical ECO parameters most relevant for GW emission: the total
ECO mass M and its compactness C (see fig. 2). Next, we have studied three representative
examples of ECOs in specific microphysics setups: boson stars composed of a scalar field
with repulsive self-interaction, boson stars composed of a free scalar field, and fermion stars
composed of a spinor field with repulsive interaction mediated by a light vector mediator. In
each case, we have identified the LIGO sensitivity range in terms of microscopic parameters,
such as the dark particle mass and couplings (see fig. 4 for the interacting boson, fig. 5 for the
free boson, and fig. 7 for the fermion). The intriguing result is that the values of the particle
masses accessible to LIGO lie in the same ballpark as the mass predictions from asymmet-
ric dark matter models (for interacting bosons or fermions) and span an interesting range
for axion-like particles (for free bosons). These considerations prove that LIGO is suited
to searching for well-motivated dark matter models, if dark matter has a dust component
(in the form of free-roaming elementary particles) and a stellar component (in the form of
clumped ECOs).
In sect. 3.2 we study how evidence for ECOs could emerge from the detection of a single
GW event, through the observation of distinctive features in the gravitational waveform.
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A key point is that the only known compact objects believed to have mass above about 5
M are black holes. BH-BH mergers have very characteristic waveforms related to the fact
that they are both maximally compact and have an event horizon. Mergers involving an
ECO would exhibit exotic waveforms, typically distinguishable from BH-BH mergers. Thus,
if the waveform from a merger involving two very massive stellar objects were observed
to be significantly different from the BH-BH case, this would unambiguously indicate an
unexpected population of ECOs and herald the existence of new particles which may be
connected with the dark matter puzzle.
We discuss two examples of deviations from BH waveforms. First, we study the im-
pact of the size of the ECO, considering a fermion star with compactness smaller than the
Schwarzschild value. Although the beginning of the inspiral phase is indistinguishable from
the case of BHs with the same masses as the ECOs, deviations appear at the onset of the
merger phase when the objects are sufficiently close for size effects to become relevant (see
fig. 9). In the second example we consider gravastars, hypothetical astrophysical objects
made of dark energy kept together by the gravitational pull of an outer massive shell. In
this case, although the gravastar ECO is a good mimicker of BHs, differences in the wave-
form appear in the ringdown phase, when the newly-formed combined object settles down
to a stable configuration (see fig. 11). The absence of an horizon in the gravastar ECO, as
opposed to the BH, leads to distinctive features in the quasi-normal modes.
After having studied what can be learned from a single GW observation, in sect. 3.3 we
turn our attention towards features in the statistical distribution of GW events. Combining
astronomical observations and theoretical modelling, the mass distribution of BHs and NSs
can be predicted, although large uncertainties are still present. One emergent feature is a
mass gap between the NS distribution, which extends only up to about 2 M, and the BH
distributions, which appears to start at about 5 M. As reviewed in sect. 3.3, the existence
of this mass gap, besides being so far verified by observations, may have some theoretical
justifications. If a population of ECOs exists in the universe, there is no reason why it
should not fill this gap. Moreover, an ECO population could be identified as an anomalous
feature in the distribution of detected GW events, which could not be explained in terms
of BH or NS expectations (see fig. 13). Unfortunately, at present, lack of knowledge about
the ECO formation processes prevents us from making definitive predictions on the ECO
mass function. However, even if waveform measurements seem a more promising tool for
ECO discovery, studies of event distribution carry unique information, which may become
essential to understand the origin of ECOs in the universe and their formation mechanisms.
Moreover, an important conclusion can be drawn by the fact that any astrophysical body
made of ordinary matter is expected to be a BH, if heavier than about 2 M. This means
that any GW observation of objects heavier than 2 M that do not match a BH template
will give immediate evidence for an ECO discovery.
In sect. 4 we show how GW detection from BH mergers can be used to test Hawking’s
area theorem [27]. Since the theorem relies on the basic assumptions of general relativity and
the null energy condition, these tests can be viewed as a probe of fundamental principles.
In the case of binary BH mergers, the area theorem translates into a forbidden region in the
plane A1 +A2 vs Af , where A1,2,f are the horizon areas of the two initial BHs and final BH,
respectively. Conservation of energy rules out another portion of this plane, leaving only
a band, which remains theoretically acceptable (see fig. 14). Comfortingly, the GW150914
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observation lies safely in the allowed band. It will be useful to see how future observations
confirm this result. In our context, tests of the area theorem provide a useful tool to probe
ECO properties. Indeed, taking for granted the validity of general relativity, apparent vio-
lations of the area theorem occur if the merging objects emit a large amount of undetected
radiation. This is possible in certain ECO models in which the microscopic constituents can
dissipate energy in the form of dark photons or other hidden particles. Tests of the area
theorem can then be translated into searches for emission of dark radiation.
It is not yet firmly established how the new gravitational window into the hidden Universe
provided by solar-mass GW astronomy may be exploited to further our understanding of
physics beyond the Standard Model. However, this work demonstrates a clear synergy
between future GW observations and the search for new fundamental particles.
Acknowledgments
We wish to thank Vitor Cardoso, Paolo Pani, and Antonio Riotto for useful comments.
References
[1] B. P. Abbott et al. [LIGO Scientific and Virgo Collaborations], Phys. Rev. Lett. 116 (2016) 6, 061102
[arXiv:1602.03837 [gr-qc]].
[2] E. O. Kahya and S. Desai, arXiv:1602.04779 [gr-qc].
[3] X. F. Wu et al., arXiv:1602.01566 [astro-ph.HE].
[4] N. Yunes, K. Yagi and F. Pretorius, arXiv:1603.08955 [gr-qc].
[5] M. Liu, Z. Zhao, X. You, J. Lu and L. Xu, arXiv:1604.06668 [gr-qc].
[6] R. Konoplya and A. Zhidenko, arXiv:1602.04738 [gr-qc].
[7] J. W. Moffat, arXiv:1603.05225 [gr-qc].
[8] J. Vainio and I. Vilja, arXiv:1603.09551 [astro-ph.CO].
[9] V. Cardoso, E. Franzin and P. Pani, Phys. Rev. Lett. 116, 171101 (2016) [arXiv:1602.07309 [gr-qc]].
[10] S. B. Giddings, arXiv:1602.03622 [gr-qc].
[11] M. Sasaki, T. Suyama, T. Tanaka and S. Yokoyama, arXiv:1603.08338 [astro-ph.CO].
[12] S. Bird, I. Cholis, J. B. Mun˜oz, Y. Ali-Ha¨ımoud, M. Kamionkowski, E. D. Kovetz, A. Raccanelli and
A. G. Riess, arXiv:1603.00464 [astro-ph.CO].
[13] S. Clesse and J. Garc´ıa-Bellido, arXiv:1603.05234 [astro-ph.CO].
[14] T. E. Collett and D. Bacon, arXiv:1602.05882 [astro-ph.HE].
[15] P. Bicudo, arXiv:1602.04337 [gr-qc].
[16] D. Blas, M. M. Ivanov, I. Sawicki and S. Sibiryakov, arXiv:1602.04188 [gr-qc].
[17] E. Calabrese, N. Battaglia and D. N. Spergel, arXiv:1602.03883 [gr-qc].
[18] J. Garc´ıa-Bellido, S. Nesseris and M. Trashorras, arXiv:1603.05616 [astro-ph.CO].
[19] M. Schreck, arXiv:1603.07452 [gr-qc].
[20] M. Arzano and G. Calcagni, arXiv:1604.00541 [gr-qc].
[21] V. Branchina and M. De Domenico, arXiv:1604.08530 [gr-qc].
39
[22] P. S. B. Dev and A. Mazumdar, arXiv:1602.04203 [hep-ph].
[23] J. Jaeckel, V. V. Khoze and M. Spannowsky, arXiv:1602.03901 [hep-ph].
[24] K. Langaeble, A. Meroni and F. Sannino, arXiv:1603.00230 [hep-ph].
[25] L. Lehner, S. L. Liebling, C. Palenzuela, O. L. Caballero, E. O’Connor, M. Anderson and D. Neilsen,
arXiv:1603.00501 [gr-qc].
[26] A. Arvanitaki, M. Baryakhtar, S. Dimopoulos, S. Dubovsky and R. Lasenby, arXiv:1604.03958 [hep-
ph].
[27] S. W. Hawking, Phys. Rev. Lett. 26 (1971) 1344.
[28] C. Alcock et al. [MACHO Collaboration], Astrophys. J. 542 (2000) 281 [astro-ph/0001272].
[29] P. Tisserand et al. [EROS-2 Collaboration], Astron. Astrophys. 469 (2007) 387 [astro-ph/0607207].
[30] C. E. Rhoades, Jr. and R. Ruffini, Phys. Rev. Lett. 32 (1974) 324.
[31] M. Nauenberg and G. Chapline, Astrophys. J. 179 (1973) 277.
[32] J. Antoniadis et al., Science 340 (2013) 6131 [arXiv:1304.6875 [astro-ph.HE]].
[33] H. A. Buchdahl, Phys. Rev. 116 (1959) 1027.
[34] S. Weinberg, Gravitation and Cosmology, Wiley, New York 1972.
[35] L. Lindblom, Astrophys. J. 278 (1984) 364.
[36] S. L. Shapiro and S. A. Teukolsky, Black Holes, White Dwarfs, and Neutron Stars, Wiley, New York
1983.
[37] J. M. Lattimer and M. Prakash, Phys. Rept. 442 (2007) 109 [astro-ph/0612440].
[38] N. Andersson, V. Ferrari, D. I. Jones, K. D. Kokkotas, B. Krishnan, J. S. Read, L. Rezzolla and
B. Zink, Gen. Rel. Grav. 43 (2011) 409 [arXiv:0912.0384 [astro-ph.SR]].
[39] P. Jetzer, Phys. Rept. 220 (1992) 163.
[40] A. R. Liddle and M. S. Madsen, Int. J. Mod. Phys. D 1 (1992) 101.
[41] F. E. Schunck and E. W. Mielke, Class. Quant. Grav. 20 (2003) R301 [arXiv:0801.0307 [astro-ph]].
[42] S. L. Liebling and C. Palenzuela, Living Rev. Rel. 15 (2012) 6 [arXiv:1202.5809 [gr-qc]].
[43] D. J. Kaup, Phys. Rev. 172 (1968) 1331.
[44] R. Brito, V. Cardoso, C. A. R. Herdeiro and E. Radu, Phys. Lett. B 752 (2016) 291 [arXiv:1508.05395
[gr-qc]].
[45] M. Colpi, S. L. Shapiro, and I. Wasserman, Phys. Rev. Lett. 57 (1986) 2485.
[46] G. Rosen, J. Math. Phys. 9 (1968) 996 and 999.
[47] R. Friedberg, T. D. Lee and A. Sirlin, Phys. Rev. D 13 (1976) 2739.
[48] S. R. Coleman, Nucl. Phys. B 262 (1985) 263 [Nucl. Phys. B 269 (1986) 744].
[49] T. D. Lee and Y. Pang, Phys. Rept. 221 (1992) 251.
[50] G. ’t Hooft, Nucl. Phys. B 79 (1974) 276.
[51] A. M. Polyakov, JETP Lett. 20 (1974) 194 [Pisma Zh. Eksp. Teor. Fiz. 20 (1974) 430].
[52] T. D. Lee, Phys. Rev. D 35 (1987) 3637.
[53] R. Friedberg, T. D. Lee and Y. Pang, Phys. Rev. D 35 (1987) 3640.
[54] R. Friedberg, T. D. Lee and Y. Pang, Phys. Rev. D 35 (1987) 3658.
[55] B. W. Lynn, Nucl. Phys. B 321 (1989) 465.
40
[56] K. Enqvist and A. Mazumdar, Phys. Rept. 380, 99 (2003) [hep-ph/0209244].
[57] M. Dine and A. Kusenko, Rev. Mod. Phys. 76 (2003) 1 [hep-ph/0303065].
[58] P. Amaro-Seoane, J. Barranco, A. Bernal and L. Rezzolla, JCAP 1011 (2010) 002 [arXiv:1009.0019
[astro-ph.CO]].
[59] M. G. Alford, K. Rajagopal and F. Wilczek, Phys. Lett. B 422 (1998) 247 [hep-ph/9711395].
[60] R. Rapp, T. Scha¨fer, E. V. Shuryak and M. Velkovsky, Annals Phys. 280 (2000) 35 [hep-ph/9904353].
[61] M. G. Alford, Ann. Rev. Nucl. Part. Sci. 51 (2001) 131 [hep-ph/0102047].
[62] N. Itoh, Prog. Theor. Phys. 44 (1970) 291.
[63] A. R. Bodmer, Phys. Rev. D 4 (1971) 1601.
[64] E. Witten, Phys. Rev. D 30 (1984) 272.
[65] C. Alcock, E. Farhi and A. Olinto, Astrophys. J. 310 (1986) 261.
[66] J. Madsen, Lect. Notes Phys. 516 (1999) 162 [astro-ph/9809032].
[67] F. Weber, Prog. Part. Nucl. Phys. 54 (2005) 193 [astro-ph/0407155].
[68] F. Limousin, D. Gondek-Rosinska and E. Gourgoulhon, Phys. Rev. D 71 (2005) 064012 [gr-
qc/0411127].
[69] D. Gondek-Rosinska and F. Limousin, arXiv:0801.4829 [gr-qc].
[70] A. Bauswein, R. Oechslin and H.-T. Janka, Phys. Rev. D 81 (2010) 024012 [arXiv:0910.5169 [astro-
ph.SR]].
[71] Z. Berezhiani, Int. J. Mod. Phys. A 19 (2004) 3775 [hep-ph/0312335].
[72] Z. Chacko, H. S. Goh and R. Harnik, Phys. Rev. Lett. 96 (2006) 231802 [hep-ph/0506256].
[73] J. Fan, A. Katz, L. Randall and M. Reece, Phys. Rev. Lett. 110 (2013) 21, 211302 [arXiv:1303.3271
[hep-ph]].
[74] J. Fan, A. Katz, L. Randall and M. Reece, Phys. Dark Univ. 2 (2013) 139 [arXiv:1303.1521 [astro-
ph.CO]].
[75] R. Foot and S. Vagnozzi, Phys. Rev. D 91 (2015) 023512 [arXiv:1409.7174 [hep-ph]].
[76] F. Y. Cyr-Racine, R. de Putter, A. Raccanelli and K. Sigurdson, Phys. Rev. D 89 (2014) 6, 063517
[arXiv:1310.3278 [astro-ph.CO]].
[77] W. J. G. de Blok, Adv. Astron. 2010 (2010) 789293 [arXiv:0910.3538 [astro-ph.CO]].
[78] A. A. Klypin, A. V. Kravtsov, O. Valenzuela and F. Prada, Astrophys. J. 522 (1999) 82 [astro-
ph/9901240].
[79] B. Moore, S. Ghigna, F. Governato, G. Lake, T. R. Quinn, J. Stadel and P. Tozzi, Astrophys. J. 524
(1999) L19 [astro-ph/9907411].
[80] M. Boylan-Kolchin, J. S. Bullock and M. Kaplinghat, Mon. Not. Roy. Astron. Soc. 415 (2011) L40
[arXiv:1103.0007 [astro-ph.CO]].
[81] R. Massey et al., Mon. Not. Roy. Astron. Soc. 449 (2015) no.4, 3393 [arXiv:1504.03388 [astro-ph.CO]].
[82] M. Vogelsberger, J. Zavala and A. Loeb, Mon. Not. Roy. Astron. Soc. 423, 3740 (2012) [arXiv:1201.5892
[astro-ph.CO]].
[83] M. Rocha, A. H. G. Peter, J. S. Bullock, M. Kaplinghat, S. Garrison-Kimmel, J. Onorbe and
L. A. Moustakas, Mon. Not. Roy. Astron. Soc. 430 (2013) 81 [arXiv:1208.3025 [astro-ph.CO]].
[84] J. Zavala, M. Vogelsberger and M. G. Walker, Monthly Notices of the Royal Astronomical Society:
Letters 431 (2013) L20 [arXiv:1211.6426 [astro-ph.CO]].
41
[85] A. H. G. Peter, M. Rocha, J. S. Bullock and M. Kaplinghat, Mon. Not. Roy. Astron. Soc. 430, 105
(2013) [arXiv:1208.3026 [astro-ph.CO]].
[86] C. Kouvaris and N. G. Nielsen, Phys. Rev. D 92 (2015) no.6, 063526 [arXiv:1507.00959 [hep-ph]].
[87] A. B. Henriques, A. R. Liddle and R. G. Moorhouse, Phys. Lett. B 233 (1989) 99.
[88] A. B. Henriques, A. R. Liddle and R. G. Moorhouse, Nucl. Phys. B 337 (1990) 737.
[89] P. Jetzer, Phys. Lett. B 243 (1990) 36.
[90] A. B. Henriques, A. R. Liddle and R. G. Moorhouse, Phys. Lett. B 251 (1990) 511.
[91] C. M. G. de Sousa, J. L. Tomazelli and V. Silveira, astro-ph/0701817.
[92] R. Brito, V. Cardoso, C. F. B. Macedo, H. Okawa and C. Palenzuela, Phys. Rev. D 93 (2016) no.4,
044045 [arXiv:1512.00466 [astro-ph.SR]].
[93] R. Brito, V. Cardoso and H. Okawa, Phys. Rev. Lett. 115 (2015) no.11, 111301 [arXiv:1508.04773
[gr-qc]].
[94] T. D. Lee and Y. Pang, Phys. Rev. D 35 (1987) 3678.
[95] H. Y. Chiu, Astrophys. J. 354 (1990) 302.
[96] K. Freese, T. Rindler-Daller, D. Spolyar and M. Valluri, arXiv:1501.02394 [astro-ph.CO].
[97] G. Bertone, A. R. Zentner and J. Silk, Phys. Rev. D 72 (2005) 103517 astro-ph/0509565.
[98] B. C. Lacki and J. F. Beacom, Astrophys. J. 720 (2010) L67 arXiv:1003.3466 [astro-ph.CO]].
[99] P. O. Mazur and E. Mottola, gr-qc/0109035.
[100] C. Cattoen, T. Faber and M. Visser, Class. Quant. Grav. 22 (2005) 4189 [gr-qc/0505137].
[101] M. Visser and D. L. Wiltshire, Class. Quant. Grav. 21 (2004) 1135 [gr-qc/0310107].
[102] B. M. N. Carter, Class. Quant. Grav. 22 (2005) 4551 [gr-qc/0509087].
[103] F. S. N. Lobo, Class. Quant. Grav. 23 (2006) 1525 [gr-qc/0508115].
[104] C. B. M. H. Chirenti and L. Rezzolla, Class. Quant. Grav. 24 (2007) 4191 [arXiv:0706.1513 [gr-qc]].
[105] C. Chirenti and L. Rezzolla, arXiv:1602.08759 [gr-qc].
[106] C. B. M. H. Chirenti and L. Rezzolla, Phys. Rev. D 78 (2008) 084011 [arXiv:0808.4080 [gr-qc]].
[107] V. Cardoso, L. C. B. Crispino, C. F. B. Macedo, H. Okawa and P. Pani, Phys. Rev. D 90 (2014) no.4,
044069 [arXiv:1406.5510 [gr-qc]].
[108] P. Ajith et al., Phys. Rev. Lett. 106 (2011) 241101 [arXiv:0909.2867 [gr-qc]].
[109] D. Lai and A. G. Wiseman, Phys. Rev. D 54 (1996) 3958
[110] P. Ajith, Phys. Rev. D 84, 084037 (2011) [arXiv:1107.1267 [gr-qc]].
[111] LIGO Document T0900288.
[112] M. Dominik et al., Astrophys. J. 806, no. 2, 263 (2015) [arXiv:1405.7016 [astro-ph.HE]].
[113] S. Khan, S. Husa, M. Hannam, F. Ohme, M. Pu¨rrer, X. Jime´nez Forteza and A. Bohe´, Phys. Rev. D
93, no. 4, 044007 (2016) [arXiv:1508.07253 [gr-qc]].
[114] J. Eby, C. Kouvaris, N. G. Nielsen and L. C. R. Wijewardhana, JHEP 1602, 028 (2016)
[arXiv:1511.04474 [hep-ph]].
[115] M. Colpi, S. L. Shapiro and I. Wasserman, Phys. Rev. Lett. 57, 2485 (1986).
[116] T. D. Lee and Y. Pang, Nucl. Phys. B 315, 477 (1989).
[117] M. Gleiser, Phys. Rev. D 38, 2376 (1988) Erratum: [Phys. Rev. D 39, no. 4, 1257 (1989)].
42
[118] M. Gleiser and R. Watkins, Nucl. Phys. B 319, 733 (1989).
[119] S. L. Liebling and C. Palenzuela, Living Rev. Rel. 15, 6 (2012) [arXiv:1202.5809 [gr-qc]].
[120] F. V. Kusmartsev, E. W. Mielke and F. E. Schunck, Phys. Rev. D 43, 3895 (1991) [arXiv:0810.0696
[astro-ph]].
[121] K. M. Zurek, Phys. Rept. 537 (2014) 91 [arXiv:1308.0338 [hep-ph]].
[122] R. Contino, [arXiv:1005.4269 [hep-ph].
[123] G. Panico and A. Wulzer, Lect. Notes Phys. 913 (2016) pp.1 [arXiv:1506.01961 [hep-ph]].
[124] J. Fan, arXiv:1603.06580 [hep-ph].
[125] P. Sikivie, Lect. Notes Phys. 741 (2008) 19 [astro-ph/0610440].
[126] M. P. Hertzberg, M. Tegmark and F. Wilczek, Phys. Rev. D 78 (2008) 083507 [arXiv:0807.1726 [astro-
ph]].
[127] L. Visinelli and P. Gondolo, Phys. Rev. Lett. 113 (2014) 011802 [arXiv:1403.4594 [hep-ph]].
[128] S. Tulin, H. B. Yu and K. M. Zurek, Phys. Rev. D 87, no. 11, 115007 (2013) [arXiv:1302.3898 [hep-ph]].
[129] D. E. Kaplan, M. A. Luty and K. M. Zurek, Phys. Rev. D 79, 115016 (2009) [arXiv:0901.4117 [hep-ph]].
[130] B. P. Abbott et al. [LIGO Scientific and Virgo Collaborations], arXiv:1602.03840 [gr-qc].
[131] J. A. Faber and F. A. Rasio, Phys. Rev. D 65 (2002) 084042 [gr-qc/0201040].
[132] L. Sampson, N. Yunes, N. Cornish, M. Ponce, E. Barausse, A. Klein, C. Palenzuela and L. Lehner,
Phys. Rev. D 90 (2014) no.12, 124091 [[arXiv:1407.7038 [gr-qc]].
[133] P. Pani, V. Cardoso, M. Cadoni and M. Cavaglia, PoS BHGRS (2008) 027 [arXiv:0901.0850 [gr-qc]].
[134] P. Pani, E. Barausse, E. Berti and V. Cardoso, Phys. Rev. D 82 (2010) 044009 [arXiv:1006.1863
[gr-qc]].
[135] C. F. B. Macedo, P. Pani, V. Cardoso and L. C. B. Crispino, Astrophys. J. 774 (2013) 48
[arXiv:1302.2646 [gr-qc]].
[136] C. F. B. Macedo, P. Pani, V. Cardoso and L. C. B. Crispino, Phys. Rev. D 88 (2013) no.6, 064046
[arXiv:1307.4812 [gr-qc]].
[137] C. F. B. Macedo, V. Cardoso, L. C. B. Crispino and P. Pani, Phys. Rev. D 93 (2016) no.6, 064053
[arXiv:1603.02095 [gr-qc]].
[138] E. Barausse, V. Cardoso and P. Pani, Phys. Rev. D 89 (2014) no.10, 104059 [arXiv:1404.7149 [gr-qc]].
[139] P. Pani, E. Berti, V. Cardoso, Y. Chen and R. Norte, Phys. Rev. D 80 (2009) 124047 [arXiv:0909.0287
[gr-qc]].
[140] P. Pani, E. Berti, V. Cardoso, Y. Chen and R. Norte, Phys. Rev. D 81, 084011 (2010) [arXiv:1001.3031
[gr-qc]].
[141] E. Berti, V. Cardoso and A. O. Starinets, Class. Quant. Grav. 26, 163001 (2009) [arXiv:0905.2975
[gr-qc]].
[142] A. Buonanno and T. Damour, Phys. Rev. D 59, 084006 (1999) [gr-qc/9811091].
[143] F. Echeverria, Phys. Rev. D 40, 3194 (1989).
[144] X. J. Xu and X. D. Li, Astrophys. J. 716, 114 (2010) [Astrophys. J. 722, 1985 (2010)] [arXiv:1004.4957
[astro-ph.SR]].
[145] M. Dominik, K. Belczynski, C. Fryer, D. Holz, E. Berti, T. Bulik, I. Mandel and R. O’Shaughnessy,
Astrophys. J. 759, 52 (2012) [arXiv:1202.4901 [astro-ph.HE]].
43
[146] M. Dominik, K. Belczynski, C. Fryer, D. E. Holz, E. Berti, T. Bulik, I. Mandel and R. O’Shaughnessy,
Astrophys. J. 779, 72 (2013) [arXiv:1308.1546 [astro-ph.HE]].
[147] The synthetic Universe database.
[148] I. Mandel, C. J. Haster, M. Dominik and K. Belczynski, Mon. Not. Roy. Astron. Soc. 450 (2015) 1,
L85 [arXiv:1503.03172 [astro-ph.HE]].
[149] C. D. Bailyn, R. K. Jain, P. Coppi and J. A. Orosz, Astrophys. J. 499, 367 (1998) [astro-ph/9708032].
[150] C. L. Fryer and V. Kalogera, Astrophys. J. 554, 548 (2001) [astro-ph/9911312].
[151] F. Ozel, D. Psaltis, R. Narayan and J. E. McClintock, Astrophys. J. 725, 1918 (2010) [arXiv:1006.2834
[astro-ph.GA]].
[152] W. M. Farr, N. Sravan, A. Cantrell, L. Kreidberg, C. D. Bailyn, I. Mandel and V. Kalogera, Astrophys.
J. 741, 103 (2011) [arXiv:1011.1459 [astro-ph.GA]].
[153] K. Belczynski, S. Repetto, D. E. Holz, R. O’Shaughnessy, T. Bulik, E. Berti, C. Fryer and M. Dominik,
Astrophys. J. 819 (2016) no.2, 108 [arXiv:1510.04615 [astro-ph.HE]].
[154] K. Belczynski, G. Wiktorowicz, C. Fryer, D. Holz and V. Kalogera, Astrophys. J. 757, 91 (2012)
[arXiv:1110.1635 [astro-ph.GA]].
[155] K. Belczynski, D. E. Holz, T. Bulik and R. O’Shaughnessy, arXiv:1602.04531 [astro-ph.HE].
[156] S. W. Hawking, Nature 248 (1974) 30.
[157] S. W. Hawking, Commun. Math. Phys. 43 (1975) 199 [Commun. Math. Phys. 46 (1976) 206].
[158] J. D. Bekenstein, Lett. Nuovo Cim. 4 (1972) 737.
[159] J. D. Bekenstein, Phys. Rev. D 7 (1973) 2333.
[160] J. D. Bekenstein, Phys. Rev. D 9 (1974) 3292.
[161] T. Jacobson, G. Kang and R. C. Myers, Phys. Rev. D 49 (1994) 6587 [gr-qc/9312023].
[162] J. D. Bekenstein, gr-qc/9409015.
[163] T. Jacobson, G. Kang and R. C. Myers, Phys. Rev. D 52 (1995) 3518 [gr-qc/9503020].
[164] R. Penrose, Riv. Nuovo Cim. 1 (1969) 252 [Gen. Rel. Grav. 34 (2002) 1141].
[165] B. P. Abbott et al. [LIGO Scientific and Virgo Collaborations], Phys. Rev. Lett. 116, no. 22, 221101
(2016) [arXiv:1602.03841 [gr-qc]].
[166] G. Kang, Phys. Rev. D 54, 7483 (1996) [gr-qc/9606020].
[167] V. Faraoni, Entropy 12, 1246 (2010) [arXiv:1005.2327 [gr-qc]].
44
